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SUMMARY 
The use of immobilized and stable enzymes has immense potential in 
the enzymatic analysis of clinical, industrial and environmental samples. 
However, their wide spread use is limited due to the high cost of their 
production. In the present study, an effort has been made to immobilize 
tyrosinase directly from ammonium sulphate precipitated proteins of the 
mushroom {Agaricus bisponts) on the polyclonal antibody bound to Seralose 
4B support. Polyclonal antibodies were raised in male albino rabbits by 
injecting commercially available mushroom tyrosinase in the presence of 
Freund's adjuvants. Antibodies were purified from antisera by ammonium 
sulphate fractionation followed by DEAE-cellulose chromatography. Two 
distinct bands of light and heavy chains of purified IgG, appeared on SDS-
PAGE. The homogeneit\' of the purified IgG was further examined by 
Ouchterlony double immunodiffusion. One milliliter of cyanogen bromide-
activated Seralose 4B bound 9.0 mg of purified IgG. IgG coupled Seralose 4B 
retained nearly 573 tyrosinase EU per ml of the gel matrix. The preparation 
thus obtained was highly active and exhibited very high effectiveness factor 'r|" 
of 0.97. Immunoaffinity bound tyrosinase was more stable against heat and pH 
inactivation compared to the soluble enzyme. Immobilized enzyme exhibited 
no change in temperature optima between 30-35 °C whereas soluble tyrosinase 
had a temperature optima of 35 °C. Immunoaffinity bound tyrosinase retained 
greater fraction of enzyme activity on both sides of temperature-optima 
compared to soluble enzyme. However, the broadening in pH-optima was 
observed from pH 5.5 to 6.0 for immobilized enzyme. Moreover, immobilized 
tyrosinase preparation exhibited remarkabh' very high resistance against 
denaturation induced by urea and vvater-miscible organic solvents. 
Potato poKphenoloxidases were isolated from the buffer extract by 
ammonium sulphate fractionation. Ammonium sulphate precipitated proteins 
were redissolved in sodium phosphate buffer and dialyzed against the assay 
buffer. Dialyzed enzyme contained 96 EU of polyphenol oxidase activity per 
gm of the intact potato and this partially purified protein preparation was used 
to immobilize on Celite 545 in buffers of varying pH values. The maximum 
binding of polyphenol oxidase activity was observed at pH 7.0. Celite 
adsorbed 240 EU of polyphenol oxidase activity per gm of the adsorbent in 
sodium phosphate buffer. pH 7.0. Immobilized enzyme preparation was 
compared with its soluble counterpart for the stability against various forms of 
chemical and physical parameters; pH, temperature, urea, detergents; SDS. 
Triton X 100. Tween 20 and water-miscible organic solvents like acctonitrile. 
DMF. dioxane and n-propanol. Celite bound polyphenol oxidases exhibited 
ver}' high stability against all tested parameters as compared to its soluble 
counterpart. The activity' of soluble and immobilized polyphenol oxidase was 
enhanced in the presence of increasing concentration of non-ionic detergents 
(0.2-1.0%. v/v) like Triton X 100 and Tween 20. This enhancement in enzyme 
activity of immobilized potato PPO was markedly very high. Immobilized 
potato PPO showed 351% and 544%) of the initial activity in the presence of 
1.0%. Triton X 100 and Tween 20, respectively. ^^ *<S 
Partially purified polyphenol oxidase from brinjal was also immobilized 
on Celite 545 by simple adsorption at pH 7.0. Ceiite adsorbed 248 EU of 
polyphenol oxidase per gm of the matrix. The immobilized enzyme preparation 
exhibited effectiveness factor 'ri' of 0.62. optimum pH 9.0 and temperature 
optimum 40-50 "C. Celite bound polyphenol oxidase retained high stability 
against thermal denaturation as compared to soluble counterpart. Urea and 
water-miscible organic solvent treatment significantly enhanced the activity' of 
brinjal polyphenol oxidase. Enhancement was significantly more pronounced 
in case of immobilized enzj'me preparation. Celite bound brinjal polyphenol 
oxidase had no loss in enzyme activity even when it was exposed to ver\' high 
amount of trypsin. Immobilized PPO preparation exhibited a marked resistance 
against inactivation mediated by washing detergents such as Surf Excel and 
Rin Powder. 
The role of plant polyphenol oxidases for the treatment of various 
important dyes used in textile and other industries has been investigated. Potato 
and brinjal polyphenoloxidases were isolated from the buffer extract by 
ammonium sulphate precipitation. These salt fractionated enzyme preparations 
were used to target a number of dyes under various experimental conditions. 
The parameters such as the effect of enzyme concentration, pH and time were 
standardized for the decolorization of dyes. Majority of dyes were maximally 
decolorized at pH 3.0. Some of the dyes were quickly decolorized whereas 
others decolorized slowly. In initial first hour, most of the dyes were maximally 
decolorized. The rate of decolorization was quite slow on long treatment of 
dyes with enzymes. Enhancement in the dye decoiorization was noticed on 
increasing the concentration of enzymes. In order to prove the compatibility of 
the enz\'mes in the treatment of industrial effluents, we have investigated the 
treatment of mixture of two dyes with both potato and brinjal polyphenol 
oxidases. The results emphasized that potato polyphenol oxidases were 
significantly more effective in decolorizing the dyes to higher extent, under 
different experimental conditions as compared to the brinjal polyphenol 
oxidases. Most of the dyes were decolorized by the formation of an insoluble 
precipitate, which could be easily removed by simple centrifugation. 
Ceiite bound potato PPO preparation has been employed for the 
treatment of wastewaters contaminated with textile reactive dyes and dyeing 
effluent. Immobilized polyphenol oxidase preparation was compared with 
soluble enzyme for the decoiorization of Reactive Blue 4 and Reactive Orange 
86 in the buffers of various pH values. The maximum decoiorization was found 
at pH 3.0 and 4.0 in case of Reactive Blue 4 and Reactive Orange 86, 
respectively. Immobilized potato polyphenol oxidase preparation was 
significantly more effective in decolorizing the higher percentage of color of 
each dye as compared to soluble counterpart. Immobilized potato polyphenol 
oxidase preparation was also employed for the treatment of mixture of dyes and 
it was observed that this preparation was remarkably more superior in 
decolorizing/removing the higher percent of color from wastewater polluted 
with the mixture of dyes. The polluted wastewater contaminated with single 
dye or mixture of dyes were treated with soluble and immobilized potato PPO 
and it resulted in a remarkable loss of total organic carbon content. Dyeing 
effluent was also successfully decolorized by using soluble and immobilized 
potato PPO. Immobilized preparation had a marginal edge over the soluble 
enzyme in decolorizing the dyeing effluent. Decoloriz^tion of dyeing effluent 
by using potato PPO was followed by precipitation of insoluble product. The 
absorption spectra of treated and untreated dye mixture and dyeing eflluent 
exhibited a marked difference in the absorption value at various wavelengths. 
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Introduction 
1.1. Water Pollution and Environmental Concern 
Industrial development is pervasively linked with disposal of a large number 
of various toxic pollutants that are harmful to the environment, hazardous to human 
health and difficult to degrade by natural means. Therefore, effective means of 
solving this pollution problem must be developed to presen'e the quality of life for 
future generations. Aromatic amines, phenols and dyes are the most important classes 
of synthetic industrial chemicals that are often present in the industrial effluents from 
various manufacturing operations, e.g. coal conversion, petroleum refining, resin and 
plastic, dyes and other organic compounds manufacturing, dyeing and textile, timber, 
mining and dressing, pulp and paper (Zilli et al., 1993; Chang el ai., 1998; Husain and 
Jan, 2000; Duran and Esposito, 2000). 
Synthetic dyes are extensively used for textile dyeing and other industrial 
applications. The total world colorant production is estimated to be about 8 x 0 ^ 
tons/year (Keharia and Madamwar, 2003; Palmieri et al., 2005). More than 10,000 
dyes are commercially available and at least 10-15% of the used dyestuff enters the 
environment through wastes. Inefficiencies in dyeing results in large amounts of 
dyestuff being directly lost to the wastewater, which uhimately finds its way into the 
environment (Zollinger, 1987; Robinson et al.. 2001). Dyes are continually being 
upgraded and replaced by superior compounds to resist various chemical and physical 
degradations. 
1.2. Classification and Applications of Dyes 
A dye is a colored substance that can be applied in solution of dispersion to a 
substrate, giving it a colored appearance. Mostly the dyes are used as dyeing material 
in textile industries for coloring, but it can also be applied to paper, leather, hair, fur, 
plastic material, wax, a cosmetic base or a foodstuff (O'Neill et al., 2000). From early 
times man discovered ways of extracting dyes from natural sources. India had a rich 
tradition of using natural dyes for making colored fabrics. Probably, the earliest 
known dyes were Indigo (a blue dye) and Alizarin (a red dye). These were obtained 
from plants. Indigo was primarily produced in India and exported all over the world. 
Dyes are classified either according to their constitution or method of application. 
Classification based on constitution: This classification is based on the 
distinguishing structural units present in the dyes (Table 1). 
ItUroduction 
Table 1: Classification of some important dyes 
Name of the dye Class Structural formula 
Aniline Yellow Azo Q ^ N = N ^ Q H N H , 
Methyl Orange Azo Na*03S-^^N=N-<^^^N(CH3fe 
Orange I Azo 
Na'OjS-f V-N=N-d^ VoH 
^ / 
Congo Red Azo 
NH, ^ Q 
N=N N=N 
SOjNa* SOjNa* 
Martius Yellow Nitro 
OH NO, 
NO2 
Phenolphthalein Phthalein a y 
OH OH 
Maaenta Triphenyl methane 
.CH, 
" ^ ^ ^ ^ C H Q - N H , 
I I 
N'HjCl" 
Indigo Indigoid a><">5 
o 
Alizarin Anthraquinone 
O OH 
OH 
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Classification based on application: depending upon the process of application the 
dyes are classified as; acid dyes, basic dyes, direct dyes, disperse dyes, fiber reactive 
dyes, insoluble azo dyes, vat dyes and mordant dyes. 
Acid dyes: These dyes are usually salts of sulphonic acids and can be applied to wool, 
silk, polyurethane fibres and nylon. The affinity of acid dyes for nylon is higher than 
that for other types because polycaprolactum fibres contain a higher proportion of free 
amino groups. Acid dyes do not have affinity for cotton. Orange 1, a versatile acid 
dye is prepared by coupling diazotised sodium salt of benzene sulphonic acid with a-
naphthol. 
Basic dyes: Basic dyes contain amino groups, which form water-soluble salts in 
acidic medium. These dyes get attached to the anionic sites present on the fabrics. 
Such dyes are used to dye reinforced nylons and polyesters. Aniline Yellow and 
Malachite Green belong to this class of dyes. 
Direct dyes: These are water-soluble dyes. As the name suggests, these dyes are 
directly applied to the fabrics from aqueous solutions and are practically suited for 
fabrics like cotton, rayon, wool, silk and nylon that form hydrogen bonds with water. 
Martius Yellow and Congo Red are important examples of this class of dyes. 
Disperse dyes: These dyes in the form of minute particles of a suspension diffuse into 
the fabric. Such dyes are used for dyeing synthetic fibres like polyesters, nylon and 
polyacrylonitrile. Many anthraquinone disperse dyes are suitable for application to 
synthetic polyamide fibres. 
Fibre reactive dyes: These dyes attach themselves to the fibre by an irreversible 
chemical reaction. Obviously, the dyeing is fast and the color is retained for a long 
time. The bonding is through the substitution of leaving group of dye via the hydroxy 
or amino group of fibres (cotton, wool or silk). 
Insoluble azo dyes: These dyes are obtained by coupling phenols, naphthols, 
arylamines, aminonaphthols adsorbed on the surface of a fabric with a diazonium salt. 
The importance of azo dyes is shown by the fact that they account for over 70% of the 
dyes used. Cellulose, silk polyester, nylon, polypropylene, polyurethanes, 
polyacryionitriles and leather can be dyed by using these dyes. Azo dyes also find its 
use in foodstuffs, cosmetics, drugs, and biological stains and as indicators in chemical 
analysis. Use of such dyes for coloring foodstuffs is not permitted and their use is now 
declining in other areas also. 
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Vat dyes: Vat dyes are insoluble in water and cannot be used directly for dyeing. 
However, on reduction to a leuco form they become soluble in the presence of an 
alkali and acquire affinity for cellulose fibres. A solution of the leuco form can be 
applied for dyeing or printing. On reoxidation the original insoluble dye is formed 
within the structure of the fibre. Indigo and Indigosol O are versatile dyes which 
belong to this class. Indigosol O is readily soluble in water, has affinity for cellulose 
and can be rapidly and quantitatively oxidized on the fibre with formation of Indigo. 
It is especially suitable for wool. 
Mordant dyes: These dyes are primarily used for dyeing of wool in the presence of 
metal ions. The metal ion binds to the fabric and the dye acting as a ligand 
coordinates to the metal ion. The same dye in the presence of different metal ions 
imparts different colors to the fabrics. Alizarin imparts rose red, blue, brownish red. 
violet and red color to the fabric in the presence of A\^\ Ba^\ CT^\ Mg^ ^ and Sr^ ^ 
ions, respectively. 
1.3. Pollution and Health Problems Caused by Dyes 
Synthetic dyes are extensively used in wide range of industries amongst which 
textile processing industries are the major consumers. Large amounts of dyes are lost 
in wastewaters of these industries during dyeing and subsequent washing steps of 
textiles. These dyes are resistant to degradation by conventional wastewater treatment 
plants and are released into the environment untreated thus causing the pollution of 
surface and ground waters in the areas of the world harboring such industries. 
Presence of color in wastewaters has become major environmental concern and 
stringent discharge standards are being enforced on release of colored wastewaters in 
environment. The seriousness of the problem is apparent from the magnitude of the 
research done in this field in last decade (O'Neill et al., 2000; Robinson et al., 2001; 
Keharia and Madamwar, 2003). Textile wastewaters, which contain numerous 
chemicals such as dyes, surfactants, solvents, organic and inorganic salts, cause 
severe pollution problems for the receiving fresh waters. 
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Azo dyes represent the largest group of organic dyes synthesized and account 
for about 70% of all textile dyes produced. Although most of the dyes are not toxic by 
themselves but after their release into the aquatic environment they may be converted 
into potentially carcinogenic amines (Spadaro et al., 1992; Chung and Stevens, 1993; 
O'Neill et al., 2000). Reactive azo dyes are most problematic due to their excessive 
consumption and high water solubility (Keharia and Madamwar, 2003). 
Anthraquinone based dyes are most resistant to bacterial degradation due to their 
fused aromatic structures (Cripps et al., 1990; Nigam et al., 2000). Metal-based 
complex dyes, such as chromium-based dyes, can lead to the release of chromium, 
which is carcinogenic in nature (Banat et al., 1996). 
The major environmental problem was the removal of dyes from effluents. 
The untreated effluents of these industries may be highly colored and thus particularly 
dangerous when discharged into open water bodies. The dye is visible even at 
concentrations of lesser than 1 ppm. It also interferes with the penetration of light in 
water bodies, which is essential for photosynthesis and may affect the aquatic biota 
(Kuo, 1992). Dyes have been reported to be toxic to fish and mammalian life and 
inhibited the activity and growth of microorganisms. Intestinal cancers are common in 
highly industrialized societies and possible connection between these tumors and the 
use of azo dyes has been investigated (Keharia and Madamwar, 2003). Some dyes 
were reported to cause cerebral abnormalities in foetus and skeletal abnormalities 
(Murugesan and Kalaichelvan, 2003). 
The commonly used azo dyes are not mutagenic in the standard Ames plate 
assay (Prival and Mitchell. 1982). They are reduced by azo reductase from intestinal 
bacteria and, to a lesser extent, by enzymes of the microsomal fraction of the liver 
(Cerniglia et al., 1986). The first catabolic step in the conversion of azo dyes is the 
reduction of an azo bridge to produce aromatic amines. Aromatic amines, which are 
known as human carcinogens, have been found in urine of many dyestuff workers and 
test animals following the administration of azo dyes (Chung and Cerniglia, 1992). 
Azo dye compounds are linked to bladder cancer in humans and hepatocarcinoma and 
nuclear anomalies in intestinal epithelial cells in mice. Textile dyeing, paper printing 
and leather finishing industry workers exposed to benzidine based dyes had a higher 
than normal incidence of urinary bladder cancer (Cerniglia et al., 1986). Benzidine 
based dyes when administered to various experimental animals, undergo reduction of 
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the azo bonds with the appearance in the urine of the human bladder carcinogen 
benzidine and benzidine metabolites (Murugesan and Kaiaichelvan, 2003). 
1.4. Chemical and Physical Methods of Dye Treatment 
The environmental issues regarding the presence of color in wastewaters has 
become a major survival problem for the dyestuff manufacturers, dyers, textile 
finishers and sewers due to stringent color constant standards being enforced by 
regulatory bodies for release of treated effluents in the ecosystem (O'Neill et ai, 
1999). Scientists and industrialists have searched new technologies to remove color 
from industrial effluents for over four decades. However, very few of these techniques 
were used in wastewater treatment. The most widely used methods of dye effluent 
treatment are classified into three main categories; physical, chemical and biological. 
Decolorization and degradation of dyes from wastewater by physical and chemical 
processes may be effective but are quite expensive, very specific for particular 
compounds and need a lot of energy from external sources. Physico-chemical 
processes remove high molecular weight organic compounds and their color, toxicity, 
suspended solids and chemical oxygen demand (COD) but biological oxygen demand 
(BOD) and low molecular weight compounds are not effectively removed. Currently 
available methods such as chemical oxidation, reverse osmosis, adsorption, etc. suffer 
from certain disadvantages such as high cost, high salt content in the effluent, 
problems related to disposal of concentrate, etc. Ozonation, coagulation, flocculation 
and electrochemical methods resulted in poor color removal. Chemical coagulation 
and reverse osmosis are successful in removing the major portion of the color but 
these processes are not cost effective (O'Neill et al.. 2000: Robinson et ai. 2001). 
Some of the physical and chemical methods used for the dye decolorization/removal 
and their disadvantages are listed in Table 2. 
1.5. Biological Methods of Dye Treatment 
In order to overcome the limitations of physical and chemical processes of 
decolorization, biological methods of dye decolorization were used which have more 
potential advantages. Bioremediation constitute an attractive alternative to physico-
chemical methods mainly due to its low-cost, ecofriendly and publicly acceptable 
treatment technology. Biological treatment involves the decolorization and 
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Table 2: Physical and chemical methods of dye decolorization/'-emoval and their 
specific disadvantages 
Method 
Fenton's reagent 
Ozonation 
Photochemical 
NaOCl 
Cucurbituril 
Electrochemical destruction 
Activated carbon 
Peat 
Wood chips 
Membrane filtration 
Ion exchange 
Irradiation 
Electrokinetic coagulation 
Silica gel 
Disadvantages 
Excessive sludge generation 
Short half-life (20 min) 
Formation of by-products 
Release of aromatic amines 
Highly expensive 
High cost of electricity 
Very expensive 
Specific surface area for adsorption 
Requires long retention time 
Concentrated sludge production 
Not effective for all dyes 
Requires a lot of dissolved O2 
High sludge production 
Side reaction prevent commercial 
application 
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degradation of dyes by a number of microorganisms including bacteria, algae and 
fungi. Numerous types of microorganisms have been isolated in recent years that are 
able to degrade dyes previously considered non-degradable (Stolz, 2001; Nyanhongo 
et ai, 2002). Biological treatment for degradation of textile effluents may be aerobic, 
anaerobic or combination of both depending on the type of microorganism being 
employed (Keharia and Madamwar, 2003). 
1.5.1. Bacterial treatment 
Efforts to isolate bacterial cultures capable of degrading azo dyes started in the 
1970s with reports of a Bacillus subtilis (Chung et al., 1978), followed by numerous 
bacteria: Pseudomonas sp. were isolated from an anaerobic-aerobic dyeing house 
wastewater treatment facility as the most active azo dye degraders (Knapp and 
Newby, 1999). Several investigators demonstrated that mixtures of dyes were 
decolorized by anaerobic bacteria in 24-30 h, using free growing cells or in the form 
of biofilms on various support materials (Nigam and Marchant, 1995, Nigam et ai, 
1996). Moreover, bacteria including Citrobacier sp., Kurthia sp., Corneybacterium 
and Mycobacterium sp.. and a mixed culture consisting of Pseudomonas mendocina 
and Pseudomonas alcaligenes could also successfully degrade triphenyl methane dyes 
from solution (Azmi et al., 1997) 
1.5.2. Fungal treatment 
The use of lignin degrading white rot fungi (WRF) has attracted increasing 
scientific attention, as these organisms are able to degrade a wide range of recalcitrant 
organic pollutants, including various azo, heterocyclic and polymeric dyes (Bumpus 
and Brock, 1988; Rodriguez et al.. 1999; Swamy and Ramsay, 1999; Wong and Yu. 
1999; Abadulla et al.. 2000). To date the majority of studies on biological 
decolorization have focused on fungal strains. Aspergillus foetidus (Sumathi and 
Manju, 2000), Phanerochaete chrysosporium (Kirk el al., 1978; Mielgo et al., 2001), 
Trametes versicolor (Borchert and Libra, 2001), Trametes hirsuta (Abadulla et at., 
2000) Coriolus versicolor (Knapp and Newby, 1999: Kapdan et al, 2000), 
Cunninghamella polymorpha (Sugimori et al., 1999), Geotrichum candidum and 
Rhizopus arrhizus (Aksu and Tezer, 2000) are the major fungal strains used for 
decolorization purposes. Moreover, there are various fungi other than WRF, such as 
Umbelopsis isabellina and Penicillium geastrivous, Aspergillus foetidus and Rhizopus 
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oryzae (Yang et al., 2003), which could also decolorize or biosorb diverse dyes. In 
fungal decolorization of dye wastewater, these fungi can be classified into two kinds 
according to their life state: living cells to biodegrade and biosorb dyes and dead cells 
to adsorb dyes. 
1.5.3. Algal treatment 
Algae have been used to degrade several aromatic amines; even sulphonated 
ones (Luther and Soeder, 1991). In open wastewater treatment systems, especially in 
(shallow) stabilization ponds, algae have contributed to the removal of azo dyes and 
aromatic amines from the water phase. Degradation of a number of azo dyes by algae 
has been reported in few studies (Semple et al., 1999). The degradation pathway is 
thought to involve reductive cleavage of the azo linkages followed by further 
degradation of the generated aromatic amines. 
1.5.4. Limitations of biological treatment 
There are certain limitations of using microbes for treating pollutants such as 
those high costs of production of microbial culture, limited mobility and survival of 
cells in the soil, alternative carbon source, completeness of the indigenous populations 
and metabolic inhibition (Husain and Jan, 2000; Duran and Esposito, 2000). 
Numerous organisms have been used for the complete degradation of aromatic 
compounds but much success has not been achieved yet. 
Conventional processes based on the biological treatment (aerobic-anaerobic) 
are relatively ineffective in effluent decolorization because high molecular weight 
compounds are not easily degraded by bacteria and thus colored compounds moved 
through the treatment system largely undegraded (Banat et al., 1996) 
Decolorization of monoazo and disazo dyes has been demonstrated using 
Phanerochaete chrysosporium (Paszeczynski et al., 1991), Pycnoporus cinnabarinns 
(Schliephake et al., 1993), Trametes versicolor (Swamy and Ramsay, 1999) and 
Bjerkandera adusta (Heinfling et al., 1998). The main limitation of this approach was 
that the process of degradation/decolorization of dyes was quite slow, requiring 
several days to months. Additionally, the sludge volume increases due to the 
generation of biomass. Biological degradation of dyes include properties such as high 
water solubility, high molecular weight and fused aromatic ring structures, which 
inhibits permeation through biological cell membranes. 
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Anthraquinone based dyes are most resistant to bacterial degradation due to 
their fused aromatic structures, which remains colored for long periods of time. Basic 
dyes have high brilliance and therefore higher color intensity make them more 
difficult to decolorize, while metal based complex dyes such as chromium-based 
dyes, could lead to the release of chromium into water supplies, which is carcinogenic 
in nature. Algae and higher plants exposed to dye containing effluents have been 
shown to accumulate high concentration of certain disperse dyes and heavy metals. 
1.6. Enzymatic Approach for the Treatment of Wastewater 
The implementation of increasingly stringent standards, for the discharge of 
wastewater into the environment has necessitated the need for the development of 
alternative wastewater treatment processes. A large number of enzymes from a variety 
of different plants and microorganisms have been reported to play an important role in 
wastewater treatment applications (Karam and Nicell, 1997; Husain and Jan, 2000). 
Enzymes can act on specific recalcitrant pollutants to remove them by precipitation or 
transformation to other products (Atlow et al., 1984; Nicell et al., 1993). They can 
change the characteristics of a given waste to render it more amenable to treatment or 
aid in converting waste material to value added products. Before the full potential of 
enzymes may be realized, it is recommended that a number of issues be addressed in 
future research including the identification and characterization of reaction 
byproducts, the disposal of reaction products and reduction in the cost of enzymatic 
treatment. 
Considerable research has been conducted during the past two decades to 
investigate the new possibilities offered by enzymes in wastewater treatment. The 
reasons for this interest are given below. 
• The rate of introduction of xenobiotics and recalcitrant organic pollutants into 
the environment is on the rise, and it is becoming increasingly difficult to achieve the 
required degree of removal of these pollutants using conventional chemical, physical 
and biological processes. Therefore, there is a need for the development of alternative 
treatment methods that are faster, cheaper, more reliable and simpler to implement 
than current procedures. 
• There is a growing recognition that enzymes can be used to target specific 
pollutants for treatment (Husain and Jan, 2000) 
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• Recent biotechnological advances have allowed the production of cheaper and 
more readily available enzymes, through better isolation and purification procedures 
(Duran and Esposito, 2000). 
• An advantage of enzymatic approach to decolorize various dyes is that these 
enzymes can react with a broad range of aromatic compounds under dilute conditions 
and are less sensitive to operational upsets as compared to biological treatments. 
Further, enzymes show their activities in a broader range of pH media. The substrate 
specificity of enzymes is very diverse, thus acting on a very broad range of pollutants 
as compared to other intact organisms. Use of enzymes is far much easier and shortcut 
method for the decolorization and detoxification of dyes. Further, enzymes show the 
results of detoxification/decolorization quite fast, i.e. within minutes to few hours as 
compared to algae and fungi which take several days or even months to show the 
same results (Sumathi and Manju, 2000; Borchert and Libra, 2001). In recognition of 
these potential advantages, recent research has emphasized on the development of 
enzymatic processes for the treatment of wastewater, solid wastes, hazardous wastes, 
etc. contaminated with broad-spectrum organic pollutants. 
The idea of using oxidoreductive enzymes for wastewater treatment was 
developed for the first time in 1980's (Klibanov et al., 1980; 1983). Several 
peroxidases and laccases have been used for the treatment of wastewaters containing 
different types of aromatic compounds such as phenols, aromatic amines, bisphenols 
and biphenyl and dyes (Duran and Esposito, 2000; Soares et al., 2001a: Akhtar el al., 
2005a; Akhtar e/ al., 2005b). Treatment of such pollutants by using peroxidases adds 
additional cost to the process due to the use of H2O2 as a co-substrate. The rare 
availability of laccase among most plants and the cost of purification of laccase are 
also causing difficulty in its use. The plant polyphenol oxidases (tyrosinases) are 
cheaper alternative for detoxification and removal of aromatic pollutants. This 
enzyme utilizes molecular oxygen as an oxidant (Sanchez-Ferrer et al., 1995). 
1.7. Polyphenol Oxidase (Tyrosinase) 
Polyphenol oxidase (PPO) represents a family of oxidoreductases that are 
copper-containing proteins widely distributed throughout the phylogenetic scale 
(Mayer and Harel. 1979; Mayer, 1987). Being easily detectable, it was among the first 
enzymes to be studied. It has been reported to occur in several microorganisms, plants 
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and animals (Mayer and Hard. 1979; Husain and Jan. 2000). PPO has been named 
differently by various wortcers depending on the source of enzyme, the type of the 
reaction and the substrates on which they mostly act. These names are phenolase, 
catecholase, tyrosinase, catechol oxidase, monophenol oxidase, o-diphenoi oxidase, 
o-phenolase, etc. Usually PPO in mammals is known as tyrosinase as they act on 
tyrosine for the biosynthesis of a pigment, melanin. Among the plant kingdom also 
such enzymes are usually associated with the biosynthesis of brown melanin pigments 
(Mayer and Harel, 1991). The common feature of this group of enzymes is their 
capacity to catalyze the oxidation of aromatic compounds only in the presence of 
molecular oxygen and no co-substrate is required for the enzyme activity (Sanchez-
Ferrer et al., 1995). Except a fevv- cases in fungi where tyrosinase has been reported to 
be excreted into the medium, PPO is an intracellular enzyme. In spite of possible 
artifacts, the weight of evidence indicates the wide occurrence of membrane bound 
PPO, particularly in chloroplasts. So this enzyme is supposed to maintain the oxygen 
potential across the membrane of the chloroplast (Moore and Flurkey, 1990; 
Mazzafera and Robinson, 2000). 
According to enzyme commission, PPO is associated with three types of 
activities: 
• Catechol oxidase or o-diphenol: oxygen oxidoreductase (E.C 1.10.3.1), 
• Laccase or/7-diphenol: oxygen oxidoreductase (E.C. 1.10.3.2) and 
• Cresolase or monophenol monooxygenase (E.C. 1.18.14.1) 
PPO catalyzes two consecutive reactions as the hydroxylation of monophenols 
with molecular oxygen to form o-diphenols, and the dehydrogenation of o-diphenols 
with oxygen to form o-quinones as shown by the reaction; 
Cresolase 
OH 
Catecholase 
Complex 
Brown 
Polymer 
Monophenol Diphenol o-quinone 
PPOs are the key enzymes for melanin synthesis acting on a variety of 
substituted o-diphenols to yield the corresponding o-quinones. The following reaction 
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scheme shows the formation of melanin as the enzymatic browning product from 
dopamine in banana. 
H o A ^ NH, 
Dopamine 
MELANIN -. 
fasl 
PPO+ 
1/2 O2 
Dopamine 
quinone 
S-^  
^ H 
Indole 5.6-quinone 
fast 
1/2 O2 
°Y\-'r^ 
o^^ s^;'"^ 
2,3-Dihydroindole-
5,6-quinone 
1 Slow 
HO ^ - " N 
5,6-dlhydromdole 
1.7.1. Biological significance of PPOs 
PPO is a widely distributed enzyme but it still has no defined biological 
function, although many possible roles have been proposed. At present the most likely 
function for PPO is its involvement in plant resistance against diseases (Mazzafera 
and Robinson, 2000) and against insect herbivory (Felton et al, 1992). Upon 
wounding, the quinones formed by PPO induced oxidation of phenols, can modify the 
plant proteins, reducing their nutritive value to herbivores. In higher plants, the 
enzyme protects the plants against insects and microorganisms by catalyzing the 
formation of an impervious scab of melanin against further attack. As is well 
documented for tyrosinase from the trichomes of Solanaceae sp. Tyrosinase is 
upregulated in wounded tissue in apple, systemic wound induction of tyrosinase is 
found in potato and the system inactivated wound inducible tomato leaf tyrosinase 
(Constabel et al., 1995; Constabel and Ryan, 1998). Although such findings suggest a 
defense related role of tyrosinase in higher plants, in insects tyrosinase is involved in 
sclerotization of the exoskeleton and in protection against other organisms by 
encapsulating them in melanin. 
In mammals tyrosinase is responsible for skin pigmentation, in most fruits and 
vegetables it is responsible for enzymatic browning following bruising, cutting or 
other damage to the tissue. When tyrosine is used as a substrate, it is first 
hydroxylated to form 3,4-DOPA and then oxidized to dopaquinone, an unstable 
compound that polymerizes spontaneously to give rise to melanin pigment. The 
enzyme is responsible for skin, eye, inner ear and hair melanization. 
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1.7.2. Analytical applications of polyphenol oxidase 
PPOs have a broad range of applications and several workers have used them 
as the membrane electrodes or biosensors. PPO has proved to be very useful in the 
analytical determination of cyanide, azide, aromatic amines, phenols and catechols 
such as neurotransmitter substances and related metabolites (Forzani et ai, 1995; 
1997; 1999). An electrode based on PPO was constructed and employed to measure 
the epinephrine using a quinol-quinone couple (Wasa et ai, 1984). PPO was used to 
measure glucosidase or amylase activity, by coupling oxidation of a phenol and 2,6-
dibromo-4-aminophenol (Murao et ah, 1985). The PPO catalyzed reaction produced 
undesirable blackening or browning in food processing and post-harvest physiology 
of plant products and was the main reason for the interest in PPO in food technology 
(Partington and Bolwell, 1996). PPO has proved its usefulness in the analytical 
determination of phenols and catechols such as neurotransmitter substances and 
related metabolites. A novel biosensor, based on the tyrosinase immobilization in 
AI2O3 sol-gel membrane, has been developed for the detection of subnanomolar 
concentration of phenols (Liu et a/., 2000). 
Lowering the concentration of tyrosine can inhibit the growth of melanoma, 
fifth most common type of cancer in North America. A new approach involved the 
preparation of inter-molecularly crosslinked hemoglobin and tyrosinase for 
intravenous injection. Intravenous injection of polyhemoglobin-tyrosinase lowered the 
plasma tyrosine to about 10% of its original level within 1 h of application (Yu and 
Chang, 2004). 
1.7.3. Applications of PPO in dye treatment 
The treatment of industrial wastewater containing aromatic amines, phenols, 
dyes and other aromatic compounds by the PPOs have received an increased attention 
in the recent past. An advantage of using enzymes from different plant and fungal 
sources is that enzymes can act on a broad range of substrates and even under verv 
low concentrations. 
The degradation of the textile dye indigo with laccase from the fungi, 
Trametes hirsuta and Sclerotium rolfsii was studied. Degradation of indigo yielded 
isatin (indole-2,3-dione) which was further converted into anthranilic acid 
(2-aminobenzoic acid). Effects of redox mediators, HOBT and 4-hydroxybenzene 
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sulphonic acid on laccase catalyzed degradation of indigo exhibited a maximum of 
about 30% increase in the oxidation rate of indigo (Campos e/ ai, 2001). Oxidation of 
azo dyes by laccase from Pyricularia oryzae suggested that laccase oxidation could 
result in the detoxification of azo dyes. Laccase from the lignin degrading 
basidiomycetes, Trametes versicolor, Polyporus pinisitus and ascomycete. 
Myceliopthora thermophila were found to decolorize synthetic dyes to different 
extents. Laccase decolorized dyes both individually and in complex mixtures in the 
presence of bentonite. The addition of redox mediator, 2 mM HOBT further improved 
dye decolorization (Claus et ai, 2002). 
Three dyes, Remazol Brilliant Blue R (RBBR), Trypan Blue and Methyl 
Green were tested for the decolorization by the laccase produced by Pleurotus 
pulmonarius. Decolorization and laccase activity were equally affected by pH and 
temf>erature (Zilly et al, 2002). Decolorization of anthraquinone type dye RBBR was 
investigated by using laccase, a redox mediator and a non-ionic surfactant. The 
laccase alone did not decolorize RBBR. A small molecular weight redox mediator, 
HOBT was necessary for decolorization of recalcitrant dyes. It was suggested that 
laccase could be suitable for the treatment of wastewater contaminated with 
anthraquinone dyes (Soares et al, 2001b). A laccase isolated from Lentinula edodes 
oxidized ABTS, p-phenylenediammine, pyrogallol, guaiacol, 2,6-DMP, catechol, etc. 
It was also effective in the decolorization of chemically different dyes without any 
mediator, but the decolorization of two dyes namely Red Poly (vinylamine) 
sulfonated-anthrapyridone dye and Reactive Orange 16 did require some redox 
mediators (Nagai et ai. 2002). The WRF, Daedalea quercina produced the 
ligninolytic enzyme laccase, which was able to decolorize the synthetic dyes; Chicago 
Sky Blue, Poly B-41I, RBBR, Trypan Blue and Reactive Blue 2 (Baldrian, 2003). 
Three different phenol oxidases produced by the Pleurotus ostreatus showed activity 
towards o-diphenol substrates. 
The degradation of dyes by laccase from Trametes trogii was evaluated. This 
was reported by the fact that in bioreactor experiments carried out at pH 4.5, the 
addition of Anthraquinone Blue caused a decrease in the level of soluble oxygen 
(Levin et al., 2001). The dye Indigo Carmine and Bromophenol Blue were easily 
decolorized but some other dyes were more resistant to degradation by the laccase 
produced by Trametes hirsuta. This exhibited the specificity of laccase towards 
different dye structures (Moldes et ai, 2003). Laccase production by the WRF, 
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Trametes versicolor grown in submerged cultures was studied for the decolorization 
of a model dye, Phenol Red-. The results showed that dye was decolorized by 60% 
(Lorenzo ef a!.. 2002). Both laccase production by the WRF, Coriolus versicolor and 
decolorization of dyestuflF and dyeing wastewater with crude solution of laccase were 
studied. Good results of decolorization were obtained with the crude solution of 
laccase (Wu and Xia, 2002). 
1.8. Limitations of Using Soluble Enzymes 
Enzymatic detoxification has been successfully employed for the removal of 
aromatic compounds from wastewater because polymeric products are insoluble and 
therefore easily removed by filtration. Nevertheless, the use of free enzymes also 
showed some significant drawbacks such as thermal instability, susceptibility to 
attack by proteases, activity inhibition, high sensitivity to several denaturing agents, 
the impossibility of separating and reusing free catalyst at the end of the reaction. 
Many of these constraints of the soluble enzymes may be circumvented by using the 
immobilized enzymes. This approach has proved to be more advantageous for 
catalysis than the use of free enzymes (Duran et al, 2002). 
1.9. Immobilization of Enzymes 
The success of enzyme immobilization technology clearly depends on the 
choice of carrier and the method of immobilization. Many methods are available for 
the enzyme immobilization. Since the method used for immobilization greatly 
influences the properties of the resulting biocatalyst, the selection of an 
immobilization strategy determines the process specifications of the catalyst. They 
include several parameters such as overall catal>lic activity, effectiveness of catalyst 
utilization, deactivation and regeneration, kinetics and cost. Also the toxicity of 
immobilization reagents should be considered in connection with the immobilization 
process, waste disposal and final applications of the immobilized enzyme catalyst 
(Sun and Payne, 1996; Picquadio et al, 1997). Several techniques have employed to 
immobilize enzymes on solid supports. They are mainly based on chemical and 
physical mechanisms. 
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The enzyme immobilization techniques are classified into the following 
categories; adsorption, covalent attachment, chemical aggregation, entrapment and 
microencapsulation. 
1.9.1. Adsorption 
Adsorption is the fixation of an enzyme to the surface of a solid support that 
has not been specifically functionalized for covalent attachment. Adsorption is a 
simple process which results in the formation of various non-covalent interactions. 
The mechanism of adsorption depends both on carrier surface and carrier chemistry. 
Various kinds of interactions may be Involved in the adsorption. They are hydrogen 
bonding, hydrophobic and electrostatic interactions. Besides these, some weak 
interactions are also involved in adsorption, i.e. van der Waals interactions and 7t-7i 
interactions, etc. Enzymes can be adsorbed by simply bringing the enzyme solution in 
contact with adsorbent surface. The degree of adherence depends on various physical 
and chemical properties of enzymes and adsorbents (experimental variables; pH, 
temperature, nature of solvent, ionic strength, concentration of proteins and adsorbent 
nature). 
The reversibility of adsorption may be of practical advantage, since intact 
recovery of both the enzyme and the carrier may be possible. Enzymes have been 
adsorbed on a variety of carriers, offering in some cases the practical convenience of 
simple regeneration by removal of deactivated enzyme and reloading with fresh active 
catalyst. Various inorganic and organic supports and even the living cells have also 
been used for the immobilization of enzymes (Batra and Gupta, 1994b; Batra et a!., 
1997). A new method of tyrosinase immobilization by Fuller's-earth adsorption 
followed by entrapment in gelatin has been developed. An appreciable increase in 
operational and thermal stability was observed for Fuller's-earth adsorbed gelatin-
entrapped mushroom tyrosinase compared with gelatin-entrapped native enzyme. This 
data clearly demonstrate that the technique of immobilizing tyrosinase via adsorption 
followed by entrapment appears promising and was hence recommended for 
tyrosinase immobilization for commercial production of L-DOPA (Sharma et al, 
2003). A novel, inexpensive and simple amperometric biosensor based on 
immobilization of PPO into Zn-AI layers was applied for determination of cyanide. 
Enzyme immobilization into anionic exchanger clay seems to cause an increase in 
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cyanide inhibition effects because of anion accumulation in the clay matrix (Shan et 
al, 2004). 
Microporous membranes were used as a support material for enzyme 
immobilization by a supported aqueous-phase. Tyrosinase was first immobilized in a 
thin film of water formed on the inner surface of the membrane and then allowed to 
catalyze /7-cresol oxidation in chloroform. This immobilized tyrosinase preparation 
was functionally active for over 6 h with a stable reaction rate. Enzyme loading was 
also an important factor for maintaining stable activity (Yokoi and Belfort, 1994). 
1.9.2. Covalent attachment 
This procedure involves the activation of the support material for reaction with 
protein side chain groups, or the use of reagents for coupling the protein with support 
matrix. Alternatively proteins can be activated prior to binding to the supports. The 
water insoluble support may be either organic polymers like agarose, cellulose, starch, 
dextrans, sephadex, nylon, acrylamide, alkylamine, fibers, controlled pore glass, etc. 
The most commonly used coupling reagents are carboxymethyl cellulose, azide, 
isocyanate, propyl triethoxysilane, epichlorohydrin, thiophosgene, etc. Tresyl chloride 
and epoxypolyamine have also been successfully used for this purpose. (Zaborsky, 
1974) 
Covalent method is usually a permanent method of immobilization. Covalent 
coupling of enzymes to solid support is, however, generally expensive and slow. PPO 
was successfully immobilized on various synthetic membranes and used to convert 
phenolic substrates to catechol products. A neural network was developed and used to 
model the rates of substrate utilization and catechol production for both non-
immobilized and immobilized PPOs. The results indicated that the biotransformation 
of the phenols to their corresponding catechols was strongly influenced by the 
immobilization support, resulting in differing yields of catechols. Successful 
biocatalytic production of 3-methylcatechol. 4-methylcatechol, catechol, and 4-
chlorocatechol was demonstrated. (BoshofFe/ ai, 2003). 
The most commonly employed water-insoluble supports currently used for 
enzyme immobilization are cyanogen bromide activated Sepharose and Sephadex. 
The immobilization method is simple and reliable, and the attachment of the enzyme 
to the matrix is performed under mild conditions. The method involves the activation 
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of polysaccharide with cyanogen bromide to give the reactive imidocarbonate, which 
subsequently reacts with the amino groups of protein (Arica, 2002). 
1.9.3. Chemical aggregation 
Enzyme immobilization can be achieved by either chemical aggregation or 
insolubilization with bifunctional or polyfunctional agents. These agents are used for 
the insolubilization of active protein molecules or for binding these molecules onto 
specific suitable supports. Crosslinking reagents have been used for introducing 
intermolecular crosslinking in homogenous solution of protein or between protein and 
other molecules. 
Among the numerous crosslinkers available; glutaraldehyde, hexamethylene 
diisocyanate, l,5-difluoro-2,4-dinitrobenzene, diazobenzidine-3,3-dicarboxylic acid, 
2,4-diisocyantate toluene, N,N-hexamethyiene bisiodoacetamide, 2,4-dimethyl 
adipimate are more widely used (Goldstein and Manecke, 1976). Some reports on 
crosslinking of enzymes, adsorbed onto solid supports are also available (Yamazaki et 
al, 1984; Carvalho et al., 2000) 
An additional advantage of chemical aggregation is that no carrier or support 
adds to the mass of immobilized enzymes. The reactor volume can, therefore be 
significantly decreased. Due to the inter as well as intra molecular crosslinking, very 
high stabilization can be obtained with some enzymes. However, the procedure has 
found limited applications due to the difficulty in controlling such reactions to give 
well characterized products in terms of aggregate and mechanical properties (Hamann 
and Savill, 1996). Forzani et al. (2000) have developed a novel bioelectrode based on 
self-assembled multilayer of PPO intercalated with cationic polyallylamine built up 
on a thiol-modified gold surface. 
1.9.4. Entrapment 
In order to entrap an enzyme, either a crosslinked polymeric network is 
formed around the enzyme molecule or the enzyme is placed inside a polymeric 
material and the polymeric chains are then crosslinked. This is usually followed by 
disruption of the polymeric mass into the desired particle size. Enzyme molecules are 
physically entrapped within polymeric lattice and cannot permeate out. Substrate and 
product of appropriate size can be, however, transferred across the network to ensure 
a continuous conversion of substrate to product. The most commonly used polymeric 
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system is polyacrylamide although alginate, K-carrageenan, silica, starch, fibroin, 
gelatin, polyamide and silicon rubber have also been used for the entrapment of 
various enzymes. Several reports describing the immobilization of enzymes, 
microorganisms, intact plant cells, animal cells and sub-cellular organelles by 
entrapment in polymeric matrices are also available (Mattiasson. 1983; Husain ei al., 
1985; Sun and Payne, 1996; Liu et al., 2000). 
A new procedure was developed for enzyme immobilization by entrapment in 
copper alginate gel. The mechanical properties of the copper alginate gel were 
characterized and compared with those of the most widely used calcium alginate. The 
system was applied to the immobilization of a fungal phenol oxidase. The stability 
and activity of the immobilized enzyme were studied. After immobilization, the 
enzyme was active in a wider pH range, the temperature of its optimal activity was 
shifted to lower values, and the possibility of storage at 4 °C was greatly improved. 
The immobilized enzyme generally increased the rate of oxidation of various 
substrates. The results indicated a potential use of this system for the construction of 
bioreactors to be used in the detoxification of polluted wastewaters (Palmier! et al., 
1994). 
Tyrosinase has been immobilized in a polyacrylamide gel and intermittently 
assayed for enzyme activity over a period of 19 days using phenol as the substrate. 
The results of these studies indicate that the immobilized enzyme could be 
incorporated into a system to detect phenol and related compounds that are found in 
industrial effluents and as surface water contaminants (Schiller and Liu, 1976). A 
novel tyrosinase biosensor has been developed for a subpicomolar detection of 
phenols, which was based on the immobilization of tyrosinase in a positively charged 
chitosan film on a glassy carbon electrode (Wang et al., 2002). Liu et al. (2000) 
prepared a biosensor for the subnanomolar detection of phenols. It was based on the 
immobilization of tyrosinase in a positively charged AI2O3 sol-gel membrane on a 
glassy carbon electrode. A novel amperometric biosensor for quantification of the 
electrochemically inert polar organic solvents based on tyrosinase electrode was 
reported by Zhang et al. (2000). Tyrosinase entrapped in a titania sol-gel matrix was 
used as an amperometric sensor for the detection of phenol. This matrix provided a 
microenvironment for retaining the native structure and activity of the entrapped 
enzyme and a very low mass transport barrier to the enzyme substrates. Phenol could 
be oxidized by dissolving oxygen in presence of immobilized tyrosinase to form a 
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detectable product. The stability of the biosensor was also evaluated (Yu el ai. 2003). 
PPO was immobilized in copolymers of thiophene functionalized methyl monomer 
with pyrrole (Kiralp et ai. 2003). 
1.9.5. Microencapsulation 
Microencapsulation may be achieved either by interfacial polymerization (a 
chemical process) or by coacervation (physical phenomena). The encapsulated 
enzyme cannot leach out or diffuse from the membrane bag but substrate can be 
dialyzed easily across the membrane. The significance of encapsulation is that 
enzyme remains chemically unmodified and hence catalytically active. 
Microencapsulation of enzyme provides large surface area for contact of substrate and 
catalyst but all within a relatively small volume. The procedure offers double 
specificity due to both the enzyme and semi permeable membrane. This method also 
follows the simultaneous immobilization of many enzymes in a single step. 
The disadvantage of the procedure includes the requirement of high protein 
concentration for microcapsule formation and occasional inactivation of enzymes. 
The procedure cannot be used for the immobilization of enzymes acting on 
macromolecular substrates. 
Both chemical and physical methods of immobilization offer advantages and 
disadvantages that depend on several factors. In general, chemical immobilization 
methods tend to reduce the activity of the enzyme, since the covalent bonds, formed 
as a result of immobilization, may perturb the enzyme native structure. By contrast, 
such covalent linkages provide strong stable enzyme attachment and may, in some 
case, reduce enzyme deactivation rates, and usefully alter enzyme specificity. 
However, entrapment and adsorption typically perturb the enzyme to a lesser extent 
and consequently offer retention of the enzyme properties resembling those in 
solution. A proper choice between chemical and physical methods depends on several 
factors. Usually, a long time applicable immobilized enzyme with a lower initial 
activity is preferable to that with a high level of initial activity but with short time 
activity retention. 
Most of the immobilization procedures mentioned above resulted in random 
association of enzymes with supports leading to preparations containing enzymes 
oriented in a variety of ways. In addition random immobilization methods inevitably 
cause some apparent inactivation (Khare and Gupta, 1988). An ideal immobilization 
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procedure should not disturb the native conformation of the protein and with least 
effect on the active site. Oriented immobilization of protein, to a great extent, can 
circumvent such problems. Bioaflfinity based immobilization procedures, which 
resulted in oriented immobilization, are gaining remarkable attention (Gupta and 
Mattiasson, 1992; Saleemuddin and Husain, 1991; Turkova, 1999). 
1.9.6. ImmunoafTinity immobilization 
Bioaffinity based procedures, in view of their reversibility, lack of chemical 
modification and usually the accompanying stability enhancement, are emerging as 
powerful strategies for the immobilization of various enzymes (Saleemuddin and 
Husain, 1991; Saleemuddin, 1999; Turkova, 1999; Akhtar et al., 2005c). Several 
enzymes have been immobilized on various bioaffinity supports (Saleemuddin, 1999). 
Antibodies appeared to be more versatile in accomplishing the immobilization of 
enzymes (Saleemuddin, 1999). 
Among the numerous applications of biospecific adsorption, 
immunoadsorption is the most exciting and its potential in enzyme purification has 
long been recognized. Specific antibodies can be raised against any enzyme in 
suitable experimental animals and they can be utilized after appropriate screening for 
the immobilization of the enzymes as antibody-enzyme insoluble complex or 
adsorption of enzyme on the antibody matrix precoupled to the support. Various 
investigators have described the retention of very high activity of the enzymes in 
insoluble antibody-enzyme complex (Shami c/a/., 1991; Jafri e/o/., 1993; 1995). 
Despite their high stability, small particle dimensions and the ability to pack 
compactly, resulting in ver>' slow flow rates, which restrict the usefulness of the 
immunocomplexes of enzymes in bioreactors. In order to overcome this problem, the 
immobilization of enzyme on matrix precoupled with antibodies is preferred by 
several investigators (Varshney et al., 1999; Younus et al., 2001). The antibody 
molecules act as large spacers holding the enzyme at a distance from the support 
matrix thereby minimizing steric hindrance and facilitating remarkable freedom to act 
even on high molecular weight substrates (Solomon et al., 1986). High 
immobilization yields, expression of high activity of the bound enzyme and 
stabilization against inactivation are the principal yardsticks of the measurement of 
the success of any immobilization procedure. In addition, K^ values of several 
immunoaffinity-immobilized enzymes were either unaltered or exhibited minor 
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alterations as compared to their respective soluble enzymes. This has been observed 
in the case of trypsin (Stovickova ei al., 1991). NADase and urease (Agnellini et ai, 
1992) and carboxypeptidase (Solomon et ai. 1986). 
Both polyclonal and monoclonal antibodies have been successfully employed 
for immobilization and stabilization of enzyme on solid supports and as enzyme-
antibody aggregates (Shami et al.. 1991: Jafri et ai. 1995). Polyclonal antibodies, on 
the other hand, are a mixture of inhibitory and stabilizing antibodies, which result in 
random binding of enzymes to the support (Saleemuddin, 1999). In order to prevent 
the use of polyclonal inhibitory antibodies in enzyme immobilization, the use of 
specific monoclonal antibodies has been preferred. Shami et al. (1989) reported the 
stabilization of enzymes against, heat, proteolysis, oxidative stress and organic 
solvents as a result of complexing with specific monoclonal antibodies. 
A number of procedures have been developed to immobilize antibodies on the 
solid matrix. Some of these methods couple the antibody via chemical groups that 
may be important for specific recognition of antigen, resulting in loss of functionality 
in a proportion of the antibodies. In other methods, the outcome of immobili2^tion is 
coupling through unique sites in the Fc region of the antibody molecule, ensuring 
orientation of the antibody combining sites towards the mobile phase (Gupta et ai, 
2003). Khan and Iqbal (2000) raised non-inhibitory antibodies against active site 
modified papain in rabbits and these antibodies were successfully used for the 
immobilization of papain on the antibodies precoupled with Sepharose. Papain-IgG 
complex was highly stable against various forms of inactivation. Among the large 
number of immuno-specific strategies that are being currently investigated for the 
improvement of the stability of enzymes, the use of specific antienzyme antibodies 
raised against the labile domain of the enzyme appeared to be more versatile and 
promising (Younus et al., 2001). de Alwis et al. (1987) have shown that steric 
hindrance of the substrate of an enzyme immobilized on an antibody support can be 
restricted by the use of F(ab)2 fragments instead of whole antibody molecules. 
In more recent studies it has been shown that the amount of enzyme 
immobilized on solid supports can be raised remarkably by organizing them as 
alternate enzyme/antibody layers (Farooqui et al, 1999). Bourdillon et al. (1994) 
immobilized glucose oxidase on a glassy carbon electrode by putting alternative 
layers of enzyme and monoclonal antiglucose oxidase antibodies. Thus obtained 
enzyme films showed no substrate diffusional limitations and exhibited increased 
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activity with layering. The sensor reportedly lost 10% activity over a period of 20 
days. A layer-by-layer increase in stability against various forms of inactivation was 
exhibited by several enzymes assembled on solid supports (Farooqui et al., 1999; Rao 
et al., 1999). Large amount of glucose oxidase could be immobilized by incubating 
the IgG bound matrix alternately with the enzyme and either intact IgG or F(ab)2 
derived thereof, leading to the formation of multiple enzyme layers. After three 
incubation cycles using anti-(glucose oxidase) IgG, an 8-fold increase in the amount 
of immobilized enzyme activity was observed, while the increase was 11-fold when 
the F(ab) 2 replaced intact IgG. Immunoaflfinity-layered immobilized preparation was 
markedly more resistant to inactivation induced by heat. pH, urea, and water-miscible 
organic solvents. Layered immobilized glucose oxidase preparations obtained using 
F(ab)2 were generally superior in stability as compared to those prepared with the 
help of intact IgG (Jan el al., 2001). Moreover, immunoaffinity-layered immobilized 
glucose oxidase preparations were obtained by using polyclonal antibodies and F(ab)2 
on Sepharose 4B and metal chelating iminodiacetate-Sepharose (Jan et al., 2001). 
Glycosyl-specific antibodies have already proved to be very fruitful in high-
yield immobilization of glycoenzymes and their stabilization. Yeast invertase 
glycosyl-specific antibodies were raised in rabbit by immunizing them with 
synthesized neoglycoconjugate and were used for the immobilization and stabilization 
of invertase against several forms of denaturation (Jafri et al., 1995; Jafri and 
Saleemuddin. 1997). The large assembly of glucose oxidase was made on the IgG-
Sepharose by alternate incubation of glucose oxidase and glycosyl specific anti-
glucose oxidase polyclonal IgG. The immunoatflnity-layered assembled preparations 
were highly active and, after six alternate binding cycles with enzyme and glycosyl-
specific IgG, the amount of enzyme immobilized could be raised 30-fold. The Km 
value of immunoaffinity-layered glucose oxidase preparations remained unaltered, 
while the Vmax slightly decreased as compared to the soluble enzyme. A layer-by-
layer immobilization of glucose oxidase resulted in significant improvement in 
stability against high temperature, 4.0 M urea and very high concentrations of water-
miscible organic solvents (Jan and Husain, 2004). 
One remarkable advantage of using an antibody matrix for enzyme 
immobilization is the potential for replacement of enzyme inactivated during 
operation with a fresh preparation, enabling the recycling of the precious matrix 
(Solomon el al., 1986). Agnellini et al. (1992) have described a successful 
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replacement of urease immobilized through specific antibodies bound to the nylon 
tubes of the bioreactor and NADase from its antibody AffigeI-10 support. 
1.9.7. Celite as an immobilization support 
Celite is an impervious, chemically inert, solid support widely employed for 
the adsorption or deposition of biocatalyst. It is obtained from the fossilized silica 
remains of diatoms and is commercially available in different forms, which vary in 
particle size, shape and porosity (Wisodn et al, 1984). Adsorption of cells on 
particulate carriers is potentially one of the cost effective immobilization techniques 
available. Diatomite carriers, such as Celite have desirable physical properties, are 
inexpensive and suitable for both mycelial and bacterial systems. Porous Celite as a 
solid support was used primarily for the immobilization of whole cells (El-Sayed et 
al., 1990; Chun and Agathos, 1993) and less frequently of the isolated enzymes. 
Many examples of improved enzyme performances by means of deposition or 
adsorption onto Celite powder, porous beads or rods are reported in the literature 
{Kaga etal., 1994). 
Celite rods could be used not only as a support for enzyme adsorption but also 
as an additive in reaction catalyzed by immobilized enzymes (Ebert et al., 1998). 
Chemically derivatized Celite beads have been successfully used for the covalent 
immobilization of trypsin (Huang et al., 1997) while p-galactosidase and a-amylase 
have been adsorbed onto Celite R-640 and used in solvent free environment. Celite 
R-640 adsorbed penicillin G amidase and a-chymotrypsin were used for 
biotransformations in organic solvents (DeMartin el al., 1999). The adsorption of 
enzyme onto Celite leads to two major advantages. Firstly, the interfacial area of the 
biocatalyst is enlarged and the reaction rate is improved, secondly the water activity 
of the biocatalyzed synthesis in organic media is controlled. The enzyme is provided 
with the water necessar>' for preserving its catalytic activity whereas undesired 
competing hydrolytic reactions are prevented. The immobilization of lipase on Celite-
545 in the presence of hexadecanel, 2-diol increased its esterifying activity 
(Gorokhova et al., 2002). 
Fig tree latex, flcin was immobilized on Celite by adsorption. After 
immobilization the optimal temperature of the enzyme was shifted from 60 to 80 °C 
(Fadyloglu, 2001). Glucose oxidase immobilized on the alkylamine derivatives of the 
Celite 545 exhibited a broader range of optimum pH and greater thermal stability 
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(Trevisan and Mei, 1992). The extraordinan' selectivity that Celite displays for 
tyrosinase and blue proteins suggest that this material may be useful for the isolation 
of other copper binding proteins. Evidence to the selectivity of the columns was 
possibly to be found in the observations of Quinot and Claeys (1956) that potato 
tyrosinase was adsorbed on the ground quartz. Lipase from Candida chylindracea. 
Aspergillus niger and Pseudomonas fluoresens were immobilized by adsorption on 
diatomaceous earth. These enzyme preparations were exploited in the 
transesterification of triolein with lauric acid and the esterification of lauric acid with 
different alcohols. Immobilized preparations were more active when hexane was used 
as a reaction medium (Mustranta et ai, 1993). 
1.10. Dye Decolorization by Immobilized Polyphenol Oxidases 
PPOs immobilized on various supports have already been used by several 
workers to detoxify/remove different types of organic pollutants present in 
wastewater/industrial effluents (Husain and Jan, 2000; Duran and Esposito, 2000; 
Duran et al., 2002; Torres et al., 2003). Immobilization of the Trametes hirsuta 
laccase on alumina enhanced the thermal stability of the enzyme and its tolerance 
against some enzyme inhibitors, such as halides, copper chelators and dyeing 
additives. Treatment of dyes with immobilized laccase reduced their toxicities 
(Abadulla et al., 2000). 
Entrapment of PPO in alginate beads improved the decolorization. However, 
the beads were unsuitable for the continuous use because the enzyme rapidly leached 
out of the beads. Co-polymerization of laccase with L-tyrosine gave insoluble 
polymers with enzyme activity. Entrapment of the copolymers into gel beads further 
increased the efficiency of decolorization of pulp mill effluent as compared to soluble 
enzyme (Davis and Bums, 1990). Zille et al. (2003) have described the decolorization 
of an industrial dyeing effluent containing Reactive Black 5, by free and immobilized 
laccase. In the decolorization experiments with immobilized laccase, decolorization 
due to adsorption on the support was observed to be far more than dye degradation 
due to the enzymatic action. 
Reyes et al. (1999) reported the application of bioreactor containing 
Coriolopsis gallica laccase immobilized on agarose for the decolorization of dyes. 
The immobilized enzyme was more useful in decolorizing a broad spectrum of dyes. 
The addition of HOBT, a redox mediator to the decolorization system increased the 
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range of dyes decolorized. In another study the decolorization of dyes by laccases 
both individually and in complex mixtures in the presence of bentonite or 
immobilized in alginate beads was reported (Claus et aL. 2002). Their data suggested 
that laccase-mediator system was more effective biocatalyst for the treatment of 
effluents from textile, dye manufacturing or printing industries. 
Kandelbauer et al. (2004) studied the decolorization of textile dyes by a 
laccase from Trametes modesta immobilized on y-aluminum oxide pellets. An 
enzyme reactor equipped with various UV-visible spectroscopic sensors allowed the 
continuous online monitoring of the decolorization reactions. A broad range of 
commercially available textile dyes were considered for decolorization and it was 
found that the application of such enzymatic remediation system was not limited to 
certain structural groups of dyes only. However, the laccase displayed pronounced 
substrate specificities when range of structurally related model azo dyes were 
subjected to biotransformation. Azo dyes containing hydroxy groups in ortho or para 
position relative to the azo bond were preferentially oxidized. The reactor 
performance was examined more closely using Indigo Carmine. 
l . l l . Objectives of the Present Work 
PPOs from edible mushroom {Agaricus bisporus), potato {Solarium 
tuberosum) and brinjal (Solanum melongend) were selected for this study (Figure 1). 
These agricultural products are inexpensive and easily available in our country. 
In this study we have investigated the immobilization of these enzymes on an 
immunoaffinity support and an adsorbent, Celite 545. Polyclonal antibodies were 
raised in the male albino rabbits against commercially available mushroom tyrosinase. 
The purified antibodies were coupled with CNBr-activated Seralose 4B. 
Antibodies coupled IgG-Seralose 4B was used to immobilize PPO directly from 
ammonium sulphate fractionated proteins of mushroom. 
In order to further cut down the cost of immobilized enzyme preparation, 
Celite has been selected as an immobilization support because it is easily available 
and much cheaper as compared to other supports. Celite preferentially adsorbs 
proteins containing bivalent cations. PPOs from potato and brinjal are copper 
containing proteins. The advantage of this specificity was exploited for the 
immobilization of PPOs from ammonium sulphate fractionated proteins of potato and 
brinjal on Celite 545. 
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Figure 1: Photograph of the common edible mushroom (A), potato (B) and 
brinjal (C) used in this study for the extraction of polyphenol oxidase. 
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(A) Mushroom (Agaricus bisporus) 
(B) Potato {Solarium tuberosum) 
(C) Brinjal {Solarium melongena) 
Introduction 
The stability of immunoafflnity immobilized mushroom tyrosinase and Celite 
adsorbed potato and brinjal PPO was examined against various parameters like pH, 
heat, urea, detergents, water-miscible organic solvents and proteolytic enzymes. 
In this study an attempt has been made to investigate the potential of the PPOs 
from potato and brinjal to decolorize various textile reactive, non-textile dyes and 
their mixtures. These dyes have wide spectrum chemical groups. The immobilized 
preparation of potato PPO was also employed for the treatment of several dyes, dye 
mixtures and dyeing effluent. Various experimental conditions have been optimized 
for the treatment of such dyes by immobilized potato PPO. The dye disappearance 
was monitored by using UV-visible absorbance spectrophotometry and TOC analyzer. 
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Materials 
MATERIAL SOURCE 
Aery lam ide 
Agarose 
4-Aminoantipyrene 
Ammonium persulphate 
Benzoic acid 
Bisacrylamide 
Bovine serum albumin 
Bromophenol Blue 
Carmine 
Catechol 
Celite 545 
Coomassie Brilliant Blue G-250 
Coomassie Brilliant Blue R-250 
Cyanogen bromide 
DEAEcellulose-11 
Evans Blue 
Freund's Adjuvant 
MBTH 
Methylene Blue 
Naphthalene Black I2B 
1,2-Naphthaquinone 4-sulphonic acid 
PAGE Blue 83 
Rhodamine 6 G 
Seralose 4B 
SDS 
TEMED 
Tris buffer 
Triton X 100 
Tropaeolin 
Trypsin 
Tween 20 
Tyrosinase 
SRL, Chemicals. Mumbai. India 
SRL, Chemicals, Mumbai, India 
Qualigens Fine Chemicals, Mumbai, India 
SRL, Chemicals, Mumbai, India 
SRL, Chemicals, Mumbai, India 
SRL, Chemicals, Mumbai, India 
SRL, Chemicals, Mumbai, India 
Sigma Chemical Co. (St. Louis, MO), USA 
BDH Ltd, Poole, England 
Sigma Chemicals Co. (St. Louis, MO) USA 
Serva Labs. Heidelberg, Germany 
Sigma Chemical Co. (St. Louis, MO), USA 
Sigma Chemical Co. (St. Louis, MO), USA 
SRL, Chemicals, Mumbai, India 
Genei Bangalore, India 
Eastman Organic Chemicals, USA 
Genei Labs. Bangalore, India 
Merck Ltd. Mumbai, India 
Qualigens Fine Chemicals, Mumbai, India 
BDH Ltd, Poole, England 
BDH Ltd, Poole, England 
Sigma Chemical Co. (St. Louis, MO), USA 
Gurr Ltd, London, England 
SRL, Chemicals, Mumbai, India 
Sigma Chemical Co. (St. Louis, MO), USA 
Qualigens Fine Chemicals, Mumbai, India 
SRL, Chemicals, Mumbai, India 
Qualigens Fine Chemicals, Mumbai, India 
BDH Ltd. Poole, England. 
Sigma Chemical Co. (St. Louis, MO), USA 
Qualigens Fine Chemicals, Mumbai, India 
Sigma Chemical Co. (St. Louis, MO), USA 
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Materials 
All the organic soivents used in this study were the products of SRL, 
Chemicals, Mumbai, India. Reactive textile dyes were obtained from Atul Chemicals 
Ltd, India. Chelpark dyes were procured from Chelpark Pvt. Co. Ltd. Noida, India. 
Rin Powder, Surf Excel, brinjal, potato and common edible mushroom used in the 
study were obtained from the local market. All other reagents and chemicals 
employed in the study were of analytical grade and were used without any further 
purification. The structural formulae of some the dyes used in this study are given in 
Figure 2. 
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Figure 2: Structural formulae of some of the dyes used in this study 
32 
Materials 
Reactive Blue 4 Reactive Orange 4 
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METHODS 
2.2. Immobilization of Mushroom Tyrosinase on Imraunoaffinity 
Support 
2.2.1. Immunization 
Commercially available purified mushroom tyrosinase (approx. 3000 EU/mg) 
was used as an antigen. This antigen was injected subcutaneously into healthy male 
albino rabbits weighing 2-3 kg for the production of polyclonal antityrosinase 
antibodies. The animals received subcutaneously 300 ng of tyrosinase dissolved in 0.5 
ml 20 mM sodium phosphate buffer, pH 7.2, mixed and emulsified with equal volume 
of Freund's complete adjuvant as the first dose (Jan et al., 2001). Booster doses of 
150 ng of tyrosinase dissolved in 0.5 ml 20 mM sodium phosphate buffer, pH 7.2, 
mixed and emulsified with Freund's incomplete adjuvant in the ratio of 1:1 were 
administered weekly after resting the animal for 15 days. After each booster dose, 
blood was collected from the lower ear vein of the animal using xylene as the vaso-
dilator and allowed to clot at room temperature for 3 h. Serum was collected by 
centrifugation of the blood sample at 1600 x g for 20 min at 4 °C to remove all the 
clotted fragments. It was then decomplimented by incubating at 56 T for 30 min. 
After adding sodium azide to a final concentration of 0.2%, serum was stored at 
-20 °C for further use. 
2.2.2. Purification of polyclonal antibodies 
The antisera from the immunized rabbits was fractionated with 20-40% 
ammonium sulphate. The sample was kept overnight with constant stirring at 4 °C to 
precipitate out the proteins. The precipitated proteins were collected by centrifugation 
at 1600 X g for 20 min at 4 °C. The pellet obtained was redissolved in minimum 
volume of 20 mM sodium phosphate buffer, pH 7.2 and was subjected to extensive 
dialysis against the same buffer to remove the traces of ammonium sulphate. 
Antibodies raised against mushroom tyrosinase were purified by ion exchange 
chromatography. The dialyzed protein sample from ammonium sulphate fractionated 
antisera was passed through activated DEAE-cellulose column (1.20 cm x 10.0 cm) 
and the fractions containing purified antityrosinase antibodies were pooled for further 
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use. DEAE-cellulose was activated by the procedure described by Faliey and Terry 
(1979). 
2.23. Characterization of Polyclonal antibodies 
The presence and the purity of antibodies raised against the mushroom 
tyrosinase were characterized by the Ouchterlony double immunodifFusion and on the 
SDS-PAGE. 
2.2.4. Immunodiffusion 
Ouchterlony double immunodifTusion was performed to confirm the presence 
of purified antibodies raised against mushroom tyrosinase. The purified tyrosinase 
(antigen) and the purified antibodies were employed for the immunodifFusion. 
Immunodiffusion was performed in 1.0% agarose prepared in normal saline (Jan el 
al., 2001). The cross-reactivity of antibodies was also checked against the potato 
tyrosinase. 
2.2.5. SDS-PAGE 
The purity of polyclonal antibodies was checked by sodium dodecyl sulphate-
polyacrylamide gel chromatography (Laemmli, 1970). SDS-PAGE (12.5%) was run 
to separate the proteins present in antisera, ammonium sulphate fractionated dialyzed 
sample and DEAE-cellulose purified antityrosinase antibodies. The staining and de-
staining was also performed by the same procedure. Low molecular weight marker 
proteins (ovalbumin. 43 kD; carbonic anhydrase, 29 kD; soybean trypsin inhibitor, 
20 kD; and lysozyme, 14.3 kD) were run in one of the lanes to compare the relative 
molecular weight of the purified IgG. 
2.2.6. Preparation of immunoaffinity support for the immobilization of partially 
purified mushroom tyrosinase 
Seralose 4B was used as an immobilization support for the covalent 
immobilization of purified antityrosinase antibodies which then bound mushroom 
tyrosinase by immunoaffinity (antigen-antibody) interactions. 
Seralose 4B was activated by the procedure described by (Porath et al., 1967). 
Seralose 4B (5.0 gm) was washed thoroughly with distilled water in a sintered glass 
funnel. The gel was dried and suspended in 10.0 ml of 1.0 M Na2C03 and stirred 
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f lowly by placing on a magnetic stirrer at 4 "C for 30 min. One gram of CNBr 
dissolved in 1.0 m! of acetonitrile was added to the beaker containing 5.0 gm Seralose 
4B and this mixture was stirred for 10 min in cold. The whole mass was then 
transferred immediately to a sintered funnel and washed thoroughly with sufficient 
volume of 0.1 M bicarbonate buffer, pH 8.5 followed by distilled water and again 
with same buffer. After washing, the activated Seralose 4B was dried and resuspended 
in 5.0 ml of 0.1 M bicarbonate buffer, pH 8.5. Hundred milligrams of purified 
antibodies were mixed with 5.0 gm of cyanogen bromide activated Seralose 48 and 
stirred overnight in cold. Antibodies bound Seralose 48 matrix was then centrifuged 
to remove the unbound antibodies. Antibody bound matrix was extensively washed 
with 0.1 M bicarbonate buffer, pH 8.5 containing 1.0 M NaCl. This washed 
suspension was treated with 7.0 ml of 0.1 M glycine for 2 h at 4 °C. Antibody bound 
matrix was successively washed with 0.1 M sodium bicarbonate buffer, pH 8.5 
containing 1.0 M NaCl, distilled water and fmally with 50 mM sodium phosphate 
buffer, pH 7.0. The quantity of bound antibody was calculated by subtracting the 
unbound protein in the washings from that of total added protein. 
2.2.7. Extraction and partial purification of tyrosinase from mushroom 
Tyrosinase was extracted from common edible mushroom {Agaricus bisporus) 
by acetone powder procedure (Atlow et al., 1984). Mushrooms (200 gm) were 
homogenized in 800 ml of chilled acetone in an electric homogenizer. The 
homogenate was passed through four layers of cheesecloth to remove the acetone 
soluble compounds. The matrix left in the cheesecloth was then dried at room 
temperature to vapor out the remaining acetone. This dry powdered substance, known 
as the acetone powder was properly stored at 4 °C for further use. 
Acetone powder obtained from the above preparation from 200 gm of 
mushroom was suspended in 200 ml of 50 mM sodium phosphate buffer, pH 7.0 and 
was kept for overnight stirring at 4 °C. It was then squeezed through four layers of 
cheesecloth. The filtrate was then centrifuged to remove the cell debris. The clear 
supernatant obtained was used as partially purified enzyme. The clear mushroom 
acetone powder extract was fractionated with 0-100% ammonium sulphate. The 
sample was kept for overnight stirring at 4 °C to precipitate out proteins. The 
precipitated proteins were collected by centrifugation at 3000 x g for 20 min at 4 °C. 
The obtained pellet was redissolved in minimum volume of 50 mM sodium phosphate 
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buffer. pH 7.0 and was dialyzed against the same buffer to remove the traces of 
ammonium sulphate. 
2.2.8. Immobilization of tyrosinase on IgG-Seralose 4B 
Partially purified enzyme solution (5.0 ml) containing 3050 EU of tyrosinase 
was used for the immobilization on 5.0 ml of IgG-Seralose 4B. The mixture was 
stirred overnight at 4 °C. The gel was then thoroughly washed with 50 mM sodium 
phosphate buffer, pH 7.0 to remove the unbound enzyme (Farooqui et al., 1999) 
2,3. Partial Purification and Immobilization of Potato/Brinjal PPO 
2.3.1. Preparation of potato/brinjal extract 
Potato^rinjaI (200 gm) was homogenized in 400 ml of pre-cooled 50 mM 
sodium phosphate buffer, pH 7.0 in the presence of benzoic acid (1.8 gm/L) to stop 
the enzymatic browning. The homogenate was then filtered through four layers of 
cheesecloth. The extracts were then centrifuged at 3000 x g for 10 min at 4 °C in a 
Remi C-24 cooling centrifuge. The obtained supernatant was used as the source of 
enzyme and was further subjected to 0-60% ammonium sulphate fractionation with 
overnight stirring at 4 °C. The precipitated proteins were then collected by 
centrifugation at 10,000 x g for 20 min at 4 °C and the obtained pellet was 
redissolved in 50 mM sodium phosphate buffer, pH 7.0. The dissolved proteins were 
dialyzed against the same buffer containing benzoic acid (1.8 gm/L). This enzyme 
preparation was stored at freezing temperature for further use (Batra and Gupta, 
1994b). 
2.3.2. Effect of pH on the adsorption of potato PPO on Celite 545 
Celite 545 (4.0 gm) was suspended in 20 ml of distilled water and stirred for 
1 h at room temperature. The fine particles present in the suspension were removed by 
decantation and this procedure was repeated at least three times. The binding of potato 
PPO on Celite 545 was carried out by incubating 1046 EU of potato PPO/gm of the 
Celite 545 in the buffers of varying pH values; sodium citrate buffer (pH 5.0), sodium 
phosphate buffer (pH 6.0-8.0) with stirring overnight at 4 °C. The molarity of each 
buffer was 50 mM. Celite bound enzyme was then centrifuged to remove the unbound 
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enzyme and the Celite immobilized enzyme was suspended in 50 mM sodium 
phosphate buffer, pH 7.0. Further, this preparation was washed 4-5 times with the 
above buffer. The bound enzyme was finally resuspended in 5.0 ml 50 mM sodium 
phosphate buffer, pH 7.0 and stored at 4 "C. All the washes and Celite bound enzyme 
were assayed for PPO activity. 
Celite 545 was further used as a support for the immobilization of brinjal PPO. 
Ammonium sulphate fractionated and dialyzed total proteins of brinjal were used for 
the immobilization of PPO on Celite 545 in 50 mM sodium phosphate buffer, pH 7,0. 
The washed Celite was stirred overnight with 1092 EU of PPO/gm at 4 °C and 
remaining procedure was same as used for the immobilization of potato PPO. 
2.3.3. Effect of detergents on the activitj' of soluble and immobilized 
potato/brinjal PPO 
Soluble and immobilized potato PPO (4.0 EU) were incubated with increasing 
concentration of ionic detergent; SDS (0.1-1.0%, v/v), non-ionic detergents, Triton 
XI00 and Tween 20 (0.2-1.0%, v/v) in 50 mM sodium phosphate buffer, pH 7.0 at 37 
°C for 1 h. PPO activity was monitored at all the indicated detergent concentrations 
and other assay conditions were the same as mentioned in the text. The percent 
activity of soluble and immobilized PPO in assay buffer without any detergent was 
considered as control (100%) for the calculation of percent activity. 
Soluble and immobilized brinjal PPO (2.8 EU) were incubated with increasing 
concentration of common household detergents; Surf Excel and Rin Powder (0.2-
1.0%, vv/v) in 50 mM sodium phosphate buffer, pH 7.0 at 37 °C for 1 h. PPO activity 
was determined according to the procedure given in the text. The activity of the 
untreated soluble and immobilized PPO was taken as control (100%) for the 
calculation of percent activity. 
2.3.4. Effect of trypsin on the activity of immobilized brinjal PPO 
Immobilized brinjal PPO (2.8 EU) was incubated with increasing 
concentration of trypsin (0.25-2.5 mg/ml) at 37 °C for 1 h. PPO activity was 
determined according to the procedure described in the text. Trypsin untreated sample 
was considered as control (100%) for the calculation of percent activity. 
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2.4. Treatment of Textile Reactive Dyes by Using Soluble Potato/Brinjai 
PPO 
2.4.1. Effect of pH on the decolorization of textile reactive dyes 
Eight reactive textile dyes; Reactive Blue 4. Reactive Blue 160. Reactive Blue 
171, Reactive Red 11, Reactive Red 120. Reactive Orange 4, Reactive Orange 86 and 
Reactive Yellow 84 were selected to investigate the effect of pH on the decolorization 
of dyes. Each dye was treated with soluble potato and brinjal PPO, 4.0 EU/ml of 
reaction volume, in the buffers of varying pH values (3.0-5.0) at 37 °C for 1 h. The 
molarity of each used buffer was 50 mM. Dye decolorization by PPO was monitored 
at the specific wavelength (X^ ax) of the dye. The percent decolorization was calculated 
by taking untreated dye solution as control in each buffer (100%). 
2.4.2. Effect of PPO concentrations on the decolorization of textile reactive dyes 
Eight reactive textile dyes; Reactive Blue 4, Reactive Blue 160. Reactive Blue 
171, Reactive Red 11, Reactive Red 120, Reactive Orange 4, Reactive Orange 86 and 
Reactive Yellow 84 were treated with increasing concentrations of potato and brinjal 
PPO (1.25-3.75 EU/ml of reaction mixture) in 50 mM sodium citrate buffer, pH 3.0 
for 1 h at 37 °C. Dye decolorization by PPO was monitored at each specific 
wavelength. The percent decolorization was calculated by taking untreated dye 
solution as control (100%). 
2.4.3. Effect of time on the decolorization of textile reactive dyes 
Decolorization of reactive dyes; Reactive Blue 160. Reactive Blue 171. 
Reactive Red 11 and Reactive Red 120 was monitored by incubating the dyes with 
potato and brinjal PPO (3.75 EU/ml of reaction mixture) in 50 mM sodium citrate 
buffer. pH 3.0 at 37 °C for varying times. The disappearance of color by PPO 
treatment was recorded at each specific wa\elength of the dye. The percent 
decolorization was calculated by taking untreated d\e solution as control (100%). 
2.4.4. Decolorization of non-textile dyes 
Nine industrially important dyes; PAGE Blue 83, Coomassie Brilliant Blue G 
250, Coomassie Brilliant Blue R 250, Methylene Blue, Naphthaquinone-4-sulphonic 
acid. Carmine, Naphthalene Black 12 B, Tropaeolin and Evans Blue were treated with 
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potato and brinjal PPO (4.0 EU/ml of reaction mixture) in 50 mM sodium citrate 
buffer, pH 3.0 at 37 °C for 1 h. Dye solutions were prepared in the concentration 
range of 50-100 mg/1 in distilled water. The treated samples were centrifuged before 
monitoring the decrease in absorbance at a particular wavelength of a dye. Untreated 
dyes were considered as control (100%) for the calculation of percent decolorization. 
2.4.5. Decolorization of mixture of dyes 
Mixtures of dyes were prepared by mixing two dyes in equal proportion. 
These mixtures were treated with soluble potato or brinjal PPO (4.0 EU/ml of reaction 
volume) independently in 50 mM sodium citrate buffer, pH 3.0 for 1 h at 37 °C. Dye 
decolorization by PPO was monitored at each specific wavelength of the mixture. The 
percent decolorization was calculated by taking untreated dye mi.xture as control 
(100%). 
2.4.6. Absorption spectra of treated Reactive Blue 160 
Reactive Blue 160 dye solution was prepared in 50 mM sodium citrate buffer, 
pH 3.0. Dye was independently treated with potato and brinjal PPO (4.0 EU/ml of 
reaction mixture) independently for 1 h at 37 °C. After I h the insoluble precipitate 
was removed by centrifugation and absorbance spectrum was recorded in UV-visible 
regions by using a Cintra lOe spectrophotometer. 
2.5. Comparative Treatment of Dyes by Using Soluble and Immobilized 
Potato PPO 
2.5.1. Effect of pH on the decolorization of textile dyes 
Dye solutions were prepared in the concentration range of 50-120 mg/l in 
distilled water. Two dye solutions (Reactive Blue 4 and Reactive Orange 86) were 
incubated with soluble and immobilized potato PPO (4.0 EU/ml of reaction mixture) 
in 50 mM buffers from pH 3.0-10.0 at 37 °C for 1 h. The molarity of each buffer was 
50 mM. Dye decolorization by PPO was monitored at predetermined specific 
wavelength (I max)- The percent decolorization was calculated by taking untreated dye 
solution in each buffer as control (100%). 
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2.5.2. Decoiorization of textile reactive dyes 
Eight textile reactive dyes (Reactive Blue 4, Reactive Blue 160, Reactive Blue 
171. Reactive Orange 4, Reactive Orange 86. Reactive Red 11. Reactive Red 120, and 
Reactive yellow 84) were selected and their solutions were prepared in the 
concentration range of 50-120 mg/l in distilled water. Each dye was incubated with 
soluble and immobilized potato PPO (4.0 EU/ml of reacting volume) in 50 mM 
sodium citrate buffer, pH 3.0 at 37 °C for I h. Dye decoiorization by PPO was 
monitored at predetermined >tmax of a particular dye solution. The percent 
decoiorization was calculated by taking the ma.ximum absorbance of each untreated 
dye solution as control (100%). 
2.5.3. Decoiorization of mixtures of textile reactive dyes 
Four different mixtures of four reactive dyes (Reactive Blue 160, Reactive 
Blue 171, Reactive Yellow 84 and Reactive Red II), (Reactive Red 120, Reactive 
Orange 86, Reactive Orange 4 and Reactive Blue 4), (Reactive Blue 160, Reactive 
Orange 86. Reactive Yellow 84 and Reactive Orange 4), (Reactive Blue 4, Reactive 
Blue 160, Reactive Red 120 and Reactive Red 11) were prepared by taking each dye 
with equal absorbance in equal volume. Each mixture was incubated with soluble and 
immobilized potato PPO (4.0 EU/ml of reaction volume) in 50 mM sodium citrate 
buffer, pH 3.0 at 37 °C for 1 h. The reaction mixture was centrifuged before checking 
the absorbance of the respective dye to observe the decoiorization. Dye decoiorization 
of the mixture was monitored at their specific wavelength. The percent decoiorization 
was calculated by taking each untreated dye mixture as control (100%). The optical 
density was measured on Cintra 10<? spectrophotometer. 
2.5.4. Decoiorization of dyeing effluent 
Effluent from the local dyer was collected and the insoluble material was 
removed by ccntrifugation. Prior to the enzymatic treatment, the effluent was suitably 
diluted with 50 mM sodium citrate butfer, pH 3.0 to check the X^ax- Using Cintra \0e 
spectrophotometer the wavelength maximum. A max of the suitably diluted dye effluent 
was recorded. Two hundred milliliter of diluted effluent was treated independently 
with 400 EU of soluble and immobilized PPO for 4 h at room temperature (30 °C) 
under stirring conditions. After treatment, the aliquots of effluent were centrifuged 
and clear supernatant was analyzed for remaining color. 
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2.5.5. Decolorization of non-textile dyes 
Non-textile dyes; Bromophenol Blue. Carmine. Chelpark blue, Chelpark 
black. Chelpark red. Coomassie Brilliant Blue R 250. 1.2-Naphthaquinone-4-
sulphoncic acid. Naphthalene black 12 B. PAGE blue 83 and Tropaeolin were 
selected for this study. Dye solutions were prepared in the concentration range of 50-
100 mg/1 in distilled water. Each dye was treated with soluble and immobilized potato 
PPO (4.0 EU/ml of reaction mixture) in 50 mM sodium citrate buffer, pH 3.0 at 37 °C 
for 1 h. The treated samples were first centrifuged before monitoring the decrease in 
absorbance at a particular wavelength of a dye. Untreated dyes were considered as 
control for the calculation of percent decolorization. 
2.5.6. Monitoring of absorption spectra of a mixture of dyes and dyeing effluent 
Before taking absorption spectra of mixture of dyes and dyeing effluent, they 
were treated as described in 2.5.2 and 2.5.4, respectively. Absorption spectra for the 
mixtures of dyes (Reactive Blue 4. Reactive blue 160, Reactive red 120 and Reactive 
red 11) and dyeing effluent before and after the treatment with soluble and 
immobilized potato PPO were recorded on Cintra 10^  spectrophotometer. 
2.5.7. Determination of total organic carbon (TOG) of treated dyes 
All the textile reactive dyes either in singles or in mixtures were treated with 
soluble and immobilized potato PPO (4.0 EU/ml of reaction mi.xture) in 50 mM 
sodium citrate buffer, pH 3.0 at 37 °C for 1 h. After 1 h their insoluble products were 
removed by centrifugation. Clear solutions were used for the measurement of TOC 
content. TOC contents of each control and treated dye or dye mixtures were measured 
by using a TOC analyzer (Analytic Jena. Multi N/C 2000). 
2.6. Miscellaneous 
2.6.1. Assay of mushroom tyrosinase activity 
The assay volume contained 0.25 ml of 5.0 mM 4-aminoantipyrene, 0.25 ml of 
25 mM phenol and appropriate amount of the enzyme solution in a total volume of 3.0 
ml with 50 mM sodium phosphate buffer, pH 7.0. The reaction mixture was incubated 
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at 37 °C for 15 min. The reddish colored complex formed was measured at 500 nm 
(Hamede/o/., 1998). 
One unit of t>'rosinase was defined as the amount of enzyme that catalyzes the 
formation of one nmoie of product at 37 °C under the assay conditions. 
Similarly, during assay with the immobilized enzyme the reaction mixture was 
shaken continuously and centrifuged before recording the absorbance. 
2.6.2. Assay of potato/brinjal PPO activity 
The method of Batra and Gupta (1994b) with some slight modifications was 
used to assay the PPO activity. The reaction was initiated by adding a definite 
quantity of enzyme to a reaction mixture containing 1.0 ml of 45 mM catechol and 
0.05 ml of 1.0% MBTH (dissolved in methanol) in a total volume of 2.0 ml with 50 
mM sodium phosphate buffer, pH 7.0. The reaction mixture was incubated at 37 °C 
for 1.5 min which was then stopped by adding 1.0 ml of 10% H2SO4. The reddish 
colored complex formed due to the complex formation between catechol generated 
quinones and MBTH was measured at 500 nm using Cintra \0e spectrophotometer. 
One unit of PPO activity is defined as the amount of enzyme protein that 
catalyzes the formation of MBTH-quinone complex with 0.05 increases in optical 
densit>' per min at 500 nm. 
In case of immobilized enzyme the procedure for assaying activity was same 
except that the reaction mixture was continuously stirred during the progress of 
reaction. After the reaction, the mixture was centrifuged at 3000 x g^  for 5 min before 
measuring absorbance (Batra el al., 1997). 
2.6.3. Effectiveness factor {r\) 
The effectiveness factor 'r|' of the immobilized enzyme preparation represents 
the ratio of actual to theoretical activity of the enzyme (Muller and Zwing, 1982). 
Actual activity of the enzyme was determined by assaying an appropriate aliquot of 
the immobilized enzyme. The theoretical activity of the enzyme was calculated by 
subtracting the soluble enzyme activity lost in washings from the soluble enzyme 
activity added for immobilization. 
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2.6.4. Effect of water-miscible organic solvents on the activity of soluble and 
immobilized enzyme. 
An appropriated amount of soluble and immobilized tyrosinase/PPO were 
incubated with increasing concentration of water-miscible organic solvents (0-60%, 
v/v) in 50 mM sodium phosphate buffer, pH 7.0 at 37 °C for 1 h. The activity of the 
enzyme was assayed at all the indicated organic solvent concentrations. The percent 
activity of soluble and immobilized PPO in assay buffer without any organic solvent 
was taken as control for the calculation of percent activity (100%) (Batra and Gupta, 
1994a). 
2.6.5. Estimation of protein concentration 
The protein concentration was determined by the method of Lowry et al. 
(1951). A suitable aliquot of the protein sample was diluted to 1.0 ml with distilled 
water. To this 5.0 ml of freshly prepared alkaline copper reagent was added. The 
alkaline copper reagent was prepared by mixing copper sulphate (1%, w/v) sodium 
potassium tartaratc (2%, w/v) and sodium carbonate in 0.1 N NaOH in the ratio of 
1:1:100. After the incubation for 10 min at room temperature, 0.5 ml of 1.0 N Folin"s 
reagent was added. The contents were mixed and color intensity was read after 30 min 
against the reagent blank at 660 nm. The concentration of protein in the samples was 
determined using standard curve with BSA. 
2.6.6. Activation of DEAE-cellulose 
DEAE-cellulose (5.0 gm) was suspended in 100 ml of distilled water and kept 
overnight at room temperature for swelling. The matrix was dried by using Buchner 
funnel and suspended in 100 ml of 0.5 N HCI for 1 h and washed on a Buchner funnel 
with distilled water till the exchanger was at neutral pH. The DEAE cellulose-11 was 
then treated with 100 ml of 0.5 N NaOH for 1 h and washed with distilled water till 
neutral pH was obtained. The exchanger was then fmall\ suspended in 100 ml of 100 
mM sodium acetate buffer, pH 5.6. 
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2.6.7. Calculation of percent dye decolorization 
To compare various experiments, the decolorization was calculated for each 
dye or mixture of dyes. Parameter percent defined as: 
Absorbance of the untreated dye - Absorbance after treatment 
Percent decolorization = x 100 
Absorbance of the untreated dye 
2.6.8. Statistical analysis 
Each value of data given in this manuscript represents the mean of three 
independent experiments performed in duplicate with average standard deviation < 
5%. 
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Results 
3.1. Immobilization of Mushroom Tyrosinase on Immunoaffmit> 
Support 
3.1.1. Production and purification of antitjrosinase polyclonal antibodies 
Commercially available mushroom tyrosinase was found to be highly 
immunogenic in albino rabbits. The production of antibodies was confirmed by 
Ouchterlony double immunodiffusion. The presence of single precipitin line 
supported the purit>' of the antibody and antigen (Figure 3). 
The purit)' of DEAE-cellulose column purified antityrosinase antibodies was 
further analyzed by the electrophoretic gel. SDS-PAGE (12.5%) showed two bands, 
corresponding to the heavy chain and the light chain of the antibody. Low molecular 
weight marker proteins were also used to compare the relative molecular weight of 
the heavy and the light chain (Figure 4). 
Cross-reactivity was checked between the mushroom tyrosinase and the potato 
tyrosinase against the raised antityrosinase antibodies. No precipitin line was detected 
between the potato tyrosinase and anti-(mushroom) tyrosinase antibodies, which 
further strengthened our observations that the antibodies raised against the mushroom 
tyrosinase, were quite specific. 
Overnight incubation of fixed amount of tyrosinase with increasing 
concentration of purified IgG exhibited no loss in enzyme activity. These observations 
supported the fact that the antisera raised against the purified tyrosinase contained 
only non-inhibitory antibodies (data not shown). 
3.1.2. Immobilization of partially purified mushroom tyrosinase on the 
antityrosinase IgG-Seralose 4B support 
The IgG isolated by ammonium sulphate fractionation and ion exchange 
chromatography were used for the preparation of Seralose 4B-antityrosinase 
immunoaffinity support for the immobilization of tyrosinase from partially purified 
mushroom tyrosinase preparation. Seralose 4B bound 9.0 mg of IgG per ml of the gel. 
Tyrosinase from the partially purified mushroom proteins was successfully 
immobilized on the immunoaffinity support. Antityrosinase polyclonal antibody 
bound Seralose 4B specifically retained nearly 573 EU of tyrosinase/ml of the matrix. 
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Figure 3: Ouchterlony double immunodiffusion of the mushroom tyrosinase 
against the purified antityrosinase antibody 
Immunodiffusion was performed in 1.0% agarose gel prepared in normal 
saline. The central well-contained 60 ng ammonium sulphate fractionated 
mushroom tyrosinase while the outer wells contained 40 jig antityrosinase 
antibodies. 
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Figure 4: SDS-PAGE of the purified antityrosinase polyclonal antibodies. 
SDS-PAGE (12.5%) was used to characterize the purified antibodies. Each 
lane was loaded with the indicated concentration of proteins; 
Lane 1: 25 )j.g low molecular weight marker proteins. 
Lane 2: 50 fig antiserum protein. 
Lane 3: 42 |ig ammonium sulphate fractionated antiserum proteins. 
Lane 4: 30 fxg DEAE-cellulose purified IgG. 
The staining and de-staining of the gel was performed according to the 
procedure described by Laemmli et al. (1970). 
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Results 
The preparation thus obtained was highly active and exhibited ver>' high effectiveness 
factor'Ti"of0.97 (Table 3). . 
3.2. Stability Study of Soluble and Iramunoaffinity Immobilized 
Tyrosinase 
3.2.1. Effect of temperature 
Figure 5 demonstrates the thermal stability of soluble and immunoaflfinity 
bound mushroom tyrosinase at 55 °C. Immobilized enzyme preparation exhibited 
markedly greater fraction of activity than the soluble enzyme. Immobilized tyrosinase 
preparation retained nearly 26% of the original activity even after 2 h incubation at 
55 "C while the soluble enzyme lost almost its complete activity in less than 10 min 
under similar incubation conditions. 
The temperature-activity profiles of soluble and immobilized mushroom 
tyrosinase is shown in Figure 6. Immunoaflfinity bound tyrosinase exhibited a 
marginal broadening in temperature-activity profile, there being no difference in 
activity between 30-35 °C. Immunoaflfinity bound tyrosinase retained greater fraction 
of activity on both sides of the temperature-optima as compared to the soluble 
enzyme. Higher immobilized tyrosinase activity at the lower temperature also 
reflected the efficiency of immobilization. 
3.2.2. Effect of pH 
Figure 7 describes the pH-activity profiles of soluble and immunoaflfinity 
immobilized mushroom tyrosinase. Both soluble and immobilized enzyme 
preparations showed the pH-optima of pH 6.0. However. IgG Seralose 4B bound 
tyrosinase exhibited broadening in pH-activity profile as compared to the native 
enzyme. There was no diflference in pH-optima of immobilized enzyme between pH 
5.5-6.0 unlike the soluble enzyme that had a peak at pH 6.0. Immobilized enzyme 
retained significantly higher enzyme activity on both sides of the pH-optima in 
comparison to the free enzyme. 
3.2.3. Effect of 4.0 M urea 
The effect of 4.0 M urea on the activity of soluble and IgG-Seralose 48 bound 
mushroom tyrosinase is shown in Figure 8. Urea induced inactivation on both soluble 
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Table 3 
Immobilization of mushroom tyrosinase on IgG-Seralose 4B support. 
Enzyme 
activity 
loaded 
(X) 
(EU) 
610 
Enzyme 
activity 
in 
washes 
(Y) 
(EU) 
21 
Activity bound /ml of IgG-Seralose 4B 
(EU) 
Theoretical 
(X-Y=A) 
(A) 
589 
Actual 
(B) 
573 
Effectiveness 
factor 
(1) 
(B/A) 
0.97 
% Activity 
yield 
(B/A X100) 
97 
Tyrosinase activity was assayed according to the procedure described in the text. 
Each value represents the mean for three-independent experiments performed in duplicate, 
with variations not exceeding 5%. 
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Figure S: Thermal denaturation of soluble and immobilized mushroom 
tyrosinase 
Appropriate amount of soluble and immobilized mushroom tyrosinase 
preparations were incubated at 55 °C for various time intervals in 50 mM 
sodium phosphate buffer, pH 7.0. Aliquots of both enzyme preparations 
were removed at different time intervals and the enzyme activity was 
determined. The symbols indicate, the soluble (o) and immobilized (•) 
enzyme. 
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Figure 6: Temperature-activity profiles of soluble and immobilized mushroom 
tyrosinase 
The activity of soluble and immobilized tyrosinase (3.0 EU) was assayed 
at various indicated temperatures. Activity expressed at 35 °C was taken as 
control for calculating the percent activity. The symbols indicate, the 
soluble (o) and immobilized (•) enzyme. 
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Figure 7: pH-activity profiles of the soluble and immobilized mushroom 
tryrosinase 
TTie activity of soluble and immobilized tyrosinase was assayed in the 
buffers of various pH values (4.0 to 10.0) at 37 °C for 15 min. The 
buffers used were 50 mM glycine-HCl (pH 4.0), sodium acetate (pH 4.5, 
5.0, 5.5, 6.0), sodium phosphate (pH 6.5, 7.0, 7.5) and Tris-HCl (pH 8.0-
10.0). The symbols indicate, the soluble (o) and immobilized (•) 
enzyme. 
52 
Results 
120 n 
PH 
Figures.' Effect of 4.0 M urea OQ soluble and immobilized mushroom 
tyrosinase 
The soluble and immobilized mushroom tyrosinase preparations were 
incubated with 4.0 M urea in 50 mM sodium phosphate buffer, pH 7.0. 
Aliquots of an appropriate and equal amount of each preparation were 
taken at various time intervals and activity was determined by the 
procedure given in the text. The symbols indicate, the soluble (o) and 
immobilized (•) enzyme. 
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And immobilized enzyme preparations. However, immobilized mushroom tyrosinase 
was more resistant against the exposure caused by 4.0 M urea and retained almost its 
full activity upto 30 min of incubation. IgG-Seralose bound tyrosinase retained about 
60% of the original enzyme activity after exposure to 4.0 M urea for 2 h whereas its 
soluble counterpart was completely inactivated under similar incubation conditions. 
3.2.4. Effect of water-miscible organic solvents 
Table 4 summarizes the effect of water-miscible organic solvents on the 
activity of soluble and immobilized mushroom tyrosinase. The soluble and 
immunoaffinity bound tyrosinase were treated with 0-50% of water-miscible organic 
solvents for 1 h at 30 °C. The immobilized enzyme expressed about half of its initial 
activity when it was exposed to 30% DMF for 1 h while its soluble counterpart was 
completely inactivated under identical treatment. Further, exposure of IgG-Seralose 
4B bound tyrosinase to higher concentrations of DMF had a marginal effect on its 
enzyme activity. 
The immobilized tyrosinase after treatment with 20% propanol retained almost 
half of the original activity, whereas the soluble tyrosinase under similar exposure 
retained a marginal activity of 3% only. Almost 25% of the original enzyme activity 
was retained by immobilized enzyme after treatment with 40% DMSO while the 
soluble enzyme lost almost its entire activity by the same concentration of DMSO. 
3.3. Partial Purification and Adsorption of Potato/Brinjal PPO on Celite 
545 
3.3.1. Extraction of PPOs from potato/brinjal 
Homogenization of potato (Solarium tuberosum) and brinjal (Solarium 
melongena) (Figure IB and IC) with sodium phosphate buffer, pH 7.0 and further 
ammonium sulphate fractionation of the homogenate, yielded 96 and 148 EU of 
PPO/gm of the intact potato and brinjal, respectively. 
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Table 4 
Effect of water miscible organic solvents on soluble and immunoaffinity 
immobilized tyrosinase 
% 
Organic 
solvent 
0 
5 
10 
15 
20 
30 
40 
50 
% Residual enzyme activity 
Propanol 
S-PPO 
100 
60 
26 
10 
3 
0 
0 
0 
I-PPO 
100 
96 
89 
67 
50 
40 
J . ) 
32 
DMF 
S-PPO 
100 
92 
90 
87 
67 
0 
0 
0 
I-PPO 
100 
99 
96 
95 
92 
50 
40 
35 
DMSO 
S-PPO 
100 
95 
70 
53 
38 
16 
2 
0 
I-PPO 
100 
100 
82 
65 
55 
39 
25 
23 
Tyrosinase activity was assayed at all the indicated organic solvent concentrations and 
other assav conditions were same as mentioned in the text. 
Each value represents the mean for three-independent experiments-p^j^ggned Jp 
duplicate, with average standard deviation < 5%. •• «^ >'*^  " > '>s 
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3.3.2. Immobilization of potato/brinjal PPO 
The effect of pH on adsorption of potato PPO on Celite-545 was investigated 
to examine the efficiency of immobilization and it was found that change in pH 
significantly affected the immobilization yield (Figure 9). The potato PPO was 
maximally adsorbed at pH 7.0. Above and below this pH, the binding of PPO 
decreased. At pH 5.0, the binding of enzyme activity was only 68% as compared to 
the maximum binding at pH 7.0. Celite adsorbed 240 EU/gm of the dry gel in the 
buffer of pH 7.0. 
Based on the observation of maximum binding of potato PPO on Celite 545, 
brinjal PPO was also adsorbed on Celite 545 at pH 7.0. Celite adsorbed 248 EU of 
brinjal PPO/gm of the dry gel. The extent of immobilization of potato/brinjal PPO 
was analyzed by the effectiveness factor (r|). The immobilized potato/brinjal PPO 
preparations exhibited 'T]' of 0.71 and 0.62, respectively (Table 5). 
3.4. Stability Studies of Soluble and Immobilized Potato and Brinjal 
PPOs 
PPOs from various sources have been used by a number of workers for the 
treatment/detoxification of wastewaters coming out of a number of industries. In order 
to check the compatibility of the Celite bound potato and brinjal PPO for the 
treatment of various aromatic compounds, the stability of immobilized preparations 
was checked and compared with their corresponding soluble counterparts. 
3.4.1. Effect of pH 
Figure 10 shows the pH activity profiles of soluble and Celite bound potato 
PPO. Both soluble and immobilized potato PPO preparations exhibited pH-optima of 
pH 6.0. However, immobilized enzyme showed broadening in pH-activity profile as 
compared to the soluble enzyme. There was almost no difference in pH-optima 
between pH 5.0 and pH 6.0 of the immobilized potato PPO. The immobilized potato 
PPO preparation retained significantly higher fraction of enzyme activity in the acidic 
range. 
The pH-activity profiles of soluble and Celite adsorbed brinjal PPO are shown 
in Figure 11. In contrast to potato PPO. brinjal PPO showed different pH-optima. 
Soluble brinjal PPO exhibited its pH-optima at pH 8.0, while the pH-optima of 
immobilized preparation shifted to alkaline range, at pH 9.0. 
56 
Figure 9: Effect of pH on the adsorption of potato PPO on Celite 545 
Soluble potato PPO was stirred with Celite 545 in the buffers of varying 
pH values 5.0-8.0 and stirred at 4 "C overnight. Unbound proteins were 
removed by centrifugation. Enzyme adsorbed matrix was washed 3-4 
times with 50 mM sodium phosphate buffer, pH 7.0. The activity of potato 
PPO in supernatant, washes and bound to the Celite at each pH was 
measured by the procedure described in the text. Symbol (•) indicates the 
% binding of potato PPO on Celite at a particular pH. 
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Table 5 
Immobilization of potato and brinjal PPO on Celite 545 
Source of 
enzyme 
Potato 
Brinjal 
Enzyme 
loaded 
(X) 
(EU) 
1046 
1092 
Enzyme 
activity 
in 
washes 
(Y) 
(EU) 
708 
693 
Activity bound/gm of Celite 545 
(EU) 
Theoretical 
(X-Y=A) 
(A) 
338 
399 
Actual 
(B) 
240 
248 
Effectiveness 
factor 
(11) 
(B/A) 
0.71 
0.62 
% Activit) 
yield 
(B/A X100) 
71 
62 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Figure 10: pH-activity profile of soluble and Celite bound potato PPO 
An appropriate and equal amount of soluble and immobilized PPO was 
taken for determining the activity at all the indicated pH. The buffers used 
were glycine-HCl (pH 3.0 and 4.0), sodium acetate (pH 5.0 and 6.0), 
sodium phosphate (pH 7.0) and Tris-HCI (pH 8.0-10.0). The activity was 
determined in each buffer at 37 °C for 1.5 min. The molarity of each used 
buffer was 50 mM. The symbols indicate, the soluble (o) and 
immobilized (•) enzyme. 
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Figure 11: pH-activity profiles of soluble and Celite bound brinjai PPO 
An appropriate and equal amount of soluble and immobilized PPO was 
taken for determining the activity at all the indicated pH. The buffers 
used were glycine-HCl (pH 3.0 and 4.0), sodium acetate (pH 5.0 and 
6.0), sodium phosphate (pH 7.0) and Tris-HCl (pH 8.0-10.0). The 
activity was determined in each buffer at 37 °C for 1.5 min. The molarity 
of each used buffer was 50 mM. The symbols indicate, the soluble (o) 
and immobilized (•) enzyme. 
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3.4.2. Effect of temperature 
Figure 12 and 13 demonstrate the thermal stability plots of soluble and 
immobilized potato and brinjal PPO. Soluble and immobilized potatoA)rinjal PPO 
preparations were incubated at 60 °C for various time intervals. Incubation of soluble 
potato PPO at 60 °C resulted in a loss of nearly 42% activity after 2 h whereas 
immobilized enzyme retained about 77% of original activity under similar incubation 
conditions (Figure 12). 
Celite bound brinjal PPO. like potato PPO, showed significantly greater 
fraction of activity at higher temperatures as compared to soluble enzyme. Incubation 
of soluble enzyme at 60 °C for 2 h resulted in a significant loss of 72% enzyme 
activity whereas immobilized enzyme retained 56% of the original activity under 
similar experimental conditions (Figure 13). These observations demonstrated that 
Celite bound potato and brinjal PPOs preparations were significantly more stable as 
compared to their soluble counterparts. 
Figure 14 and 15 illustrates the result of temperature activity profiles of 
soluble and Celite bound potato/brinjal PPO. Both the soluble forms of potato and 
brinjal PPO exhibited their temperature-optima at 40 °C whereas the immobilized 
preparations had no difference in maximum activity between 40 to 50 °C. Celite 
bound PPO retained greater fraction of the catalytic activity at higher temperatures as 
compared to their soluble counterparts. Soluble potato and brinjal PPOs completely 
lost their activities at 80 °C whereas the immobilized potato and brinjal PPO 
preparations retained 27% and 17%) of the original PPO activity, respectively. 
3.4.3. Effect of4.0M urea 
The soluble and immobilized potato/brinjal PPO were incubated with 4.0 M 
urea for different time intervals at 37 °C (Figure 16 and 17). The immobilized 
preparations from potato and brinjal showed enhanced activities even after 2 h 
incubation as compared to their soluble counterparts. Soluble enzyme retained half of 
its initial enzyme activity after 2 h of incubation while the immobilized enzyme 
exhibited an enhancement in enzyme activity under similar incubation conditions. 
There was only a marginal loss in its original activity after incubation with 4.0 M urea 
for 2 h (Figure 16). 
Figure 12: Thermal denaturation of soluble and immobilized potato PPO 
The soluble and immobilized PPO preparations were incubated at 60 "C 
in 50 mM sodium phosphate buffer, pH 7.0. Aliquots of each preparation 
were taken at various time intervals and enzyme activity was determined. 
Samples not exposed to heat treatment were considered as control for the 
calculation of percent activity. Symbols indicate soluble (o) and 
immobilized (•) enzyme. 
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Figure 13: Thermal denaturation of soluble and immobilized brinjal PPO 
The soluble and immobilized PPO preparations were incubated at 60 °C 
in a 50 mM sodium phosphate buffer, pH 7.0. Aliquots of each 
preparation were tai<en at various time intervals and enzyme activity was 
determined. Samples not exposed to heat treatment were considered as 
control for the calculation of percent activity. Symbols indicate soluble 
(o) and immobilized (•) enzyme. 
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Figure 14: Temperature-activity profiles for soluble and immobilized potato 
PPO 
Soluble and immobilized PPO preparations (4.0 EU) were taken to assay 
the activity at various indicated temperatures. Activitx expressed at 40 °C 
was taken as control for the calculation of percent activity. The symbols 
indicate, the soluble (o) and immobilized (•) enzyme. 
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Figure 15: Temperature-activity profiles of soluble and immobilized brinjal 
PPO 
Soluble and immobilized PPO preparations (2.8 EU) were taken to assay 
the activity at various indicated temperatures. Activit)' expressed at 40 °C 
was taken as control for the calculation of percent activity. The symbols 
indicate, the soluble (o) and immobilized (•) enzyme. 
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Figure 16: Effect of 4.0 M urea on soluble and immobilized potato PPO 
The soluble and immobilized potato PPO preparations were incubated 
with 4.0 M urea in 50 mM sodium phosphate buffer, pH 7.0 at 37 °C. 
Aliquots of an appropriate and equal amount were withdrawn from both 
the preparations at varying times and enzyme activity was determined. 
The symbols indicate, the soluble (o) and immobilized (•) enzyme. 
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Figure 17: Effect of 4.0 M urea on soluble and immobilized brinjal PPO 
The soluble and immobilized brinjal PPO were incubated with 4.0 M urea 
in 50 mM sodium phosphate buffer, pH 7.0 at 37 °C. Aliquots of an 
appropriate and equal amount were withdrawn from both the preparations 
at varying times and enzyme activity was determined. The symbols 
indicate, the soluble (o) and immobilized (•) enzyme. 
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Figure 17 describe the effect of 4.0 M urea on the activity of soluble and Celite 
adsorbed brinjal PPO. The incubation of Celite bound brinjal PPO with 4.0 M urea for 
15 min enhanced its initial activit}' to 135%, whereas slight increase of 107% in 
soluble enzyme activity was observed. After 2 h exposure with 4.0 M urea soluble 
enzyme lost about 30% of its original enzyme activity while the immobilized enzyme 
still exhibited enhanced activity of 106% under similar experimental conditions. 
3.4.4. Effect of detergents 
Several detergents are also present in wastewater; therefore we have evaluated 
the stability of Celite bound potato/brinjal PPO against increasing concentrations of 
detergents. Immobilized enzyme preparations from both the sources showed enhanced 
activities than their corresponding soluble counterparts at all the detergent 
concentrations. Figure 18 shows the effect of SDS (0.1-1.0%, v/v) on soluble and 
immobilized potato PPO. Incubation of soluble enzyme with 1.0% SDS for 1 h 
resulted in a loss of 61%) of its original enzyme activity whereas the immobilized 
enzyme retained more than 83% of the initial activity under identical incubation 
conditions. 
However, when the potato PPO was further incubated with increasing 
concentration of Triton X 100 and Tween 20 (0.2-1.0 %. v/v), there was a remarkable 
enhancement in the activity of soluble and immobilized potato PPO. However, the 
soluble preparation showed less activation as compared to immobilized preparation. 
Soluble PPO exhibited an activation of 206% with 1.0% Triton X 100 while the 
immobilized preparation was activated to 351% by the same amount of Triton X 100 
(Table 6). The activity of soluble potato PPO was enhanced to 206%) when exposed to 
0.2%) Tween 20 for 1 h at 37 °C. Further exposure to increased concentration of 
Tween 20 there was a decrease in activation but still retained 138% of the initial 
activity with 1.0% Tween 20. In case of immobilized potato PPO the activation by 
Tween 20 exposure was remarkably more pronounced and this preparation exhibited 
544%) of the original enzyme activity by the exposure of 1.0% Tween 20 (Table 6). 
Wastewaters coming out from the houses also contain different kinds of 
washing detergents. Hence, we have also studied the effect of two commonly used 
detergents; Surf Excel and Rin Powder on the activity of soluble and immobilized 
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Figure 18: Effect of SDS on soluble and immobilized potato PPO 
Soluble and immobilized PPO preparations {4.0 EU) were incubated with 
SDS (0-1.0 %) prepared in 50 mM sodium phosphate buffer, pH 7.0 at 37 
"C. Enzyme activity was determined after I h of incubation. The symbols 
indicate, the soluble (o) and immobilized (•) enzyme. 
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Table 6 
Effect of Triton X 100 and Tween 20 on soluble and immobilized potato PPO 
(%) 
Detergent 
% activity in presence of detergents 
Triton X 100 
S-PPO 1-PPO 
Tween 20 
S-PPO -PPO 
0.2 86 66 206 222 
0.4 157 153 172 303 
0.6 201 218 141 370 
0.8 203 263 136 482 
1.0 206 351 137 544 
PPO activity was assayed at all the indicated detergents concentrations and other assay 
conditions were the same as mentioned in the text. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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brinjal PPO. Table 7 describes the effect of such detergents on the activity of soluble 
and immobilized brinjal PPO. These enzyme preparations were incubated with 
increasing concentrations of Surf Excel (0.2-1.0%. w/v). The activity of soluble 
enzyme was rapidly lost and it retained only a marginal 4% of the initial activity in 
the presence of 0.6% (w/v) Surf Excel. However, the immobilized PPO retained about 
25% of initial activity even after treatment with 1.0% (w/v) Surf Excel (Table 7). 
The treatment of soluble and immobilized brinjal PPO with increasing 
concentrations of Rin Powder (0.2-1.0%, w/v) showed an enhancement in enzyme 
activity with 0.2% (w/v) Rin Powder. On further incubation of both the preparations 
of PPO with increasing concentrations of detergent, the soluble enzyme quickly lost 
its activity and exhibited retention of only 18% of the activity after treatment with 
1.0% (w/v) Rin Powder. However, the immobilized brinjal PPO showed remarkably 
ver>' high stabilization against increasing concentrations of Rin Powder and retained 
41% of the enzymatic activity even in the presence of Rin powder 1.0% (w/v) (Table 
7). 
3.4.5. Effect of organic solvents 
The effect of various water-miscible organic solvents was studied on the 
activit}' of soluble and immobilized potato and brinjal PPOs. In both the cases 
immobilized enzyme preparations showed quite high stability than their soluble 
counterparts at all the concentrations of organic solvents. Table 8 summarizes the 
effect of different organic solvents (10-60%); dioxane, DMF. n-propanol and 
acetonitrile on the activity of soluble and Celite bound potato PPO. 
The soluble potato enzyme lost about 39% of its initial enzyme activity upon 
exposure to 50% DMF while the immobilized enzyme exhibited more than 90% of its 
original activity under the similar incubation conditions. Further experiments were 
done to examine the effect of dioxane (10-60%, v/v) on the activity of soluble and 
immobilized PPO. Soluble enzyme retained about 60% of its initial activity after 
exposure with 60% dioxane, while the immobilized enzyme showed over 87% of its 
initial activity under identical exposure (Table 8). 
In another set of experiment, the effect of n-propanol (10-60%, v/v) on soluble 
and immobilized potato PPO was examined. The activity of soluble enzyme was 
significantly decreased after exposure to 60% (v/v) n-propanol and it showed 
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Table 7 
Effect of Rin Powder and Surf Excel on soluble and immobilized brinjal PPO 
(%) 
Detergent 
0.2 
0.4 
0.6 
0.8 
1.0 
Remaining activity (%) 
Rin Powder 
S-PPO 
105 
64 
48 
36 
18 
i-PPO 
120 
i05 
66 
53 
4! 
Surf Excel 
S-PPO 
19 
10 
4 
0 
0 
I-PPO 
45 
35 
28 
26 
25 
PPO activity was assayed at all the indicated detergents concentrations and other 
assay conditions were the same as mentioned in the text. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 8 
Effect of water-miscible organic solvents on soluble and immobilized potato PPO 
(%) 
Organic 
solvent 
10 
20 
30 
40 
50 
60 
Remaining activity (%) 
Dioxane 
S-PPO 
100 
90 
73 
66 
62 
60 
I-PPO 
101 
106 
104 
89 
92 
87 
DMF 
S-PPO 
110 
111 
101 
86 
61 
24 
1-PPO 
129 
141 
141 
122 
90 
38 
Propanol 
j 
S-PPO 
108 
107 
89 
75 
75 
75 
1-PPO 
125 
165 
150 
140 
140 
140 
Acetonitrile 
S-PPO 
121 
89 
67 
50 
40 
19 
1-PPO 
122 
90 
70 
55 
48 
40 
PPO activity was assayed at all the indicated organic solvents concentrations. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
73 
Results 
only 75% of its initial activity while the immobilized enzyme activity was enhanced 
under similar exposure and exhibited 140% of its catalytic activity. 
In the presence of 60% (v/v) acetonitrile. immobilized enzyme retained 40% 
of its initial activity, whereas the soluble enzyme exhibited only 19% of its activit). 
At lower concentrations of organic solvents (20-30%, v/v) the activity of soluble and 
Celite bound PPO was stimulated. Moreover this stimulation was more pronounced in 
case of immobilized PPO preparation (Table 8). 
Table 9 describes the effect of dioxane, DMF and DMSO (10-60%, v/v) on the 
soluble and Celite immobilized brinjal PPO. The immobilized enzyme preparation 
exhibited a marked enhancement in enzyme activity even when the strength of the 
organic solvent was very high (60%, v/v), whereas the soluble enzyme preparation 
exhibited a significant loss in activity when exposed to water-miscible organic 
solvents. The immobilized PPO showed an enhancement in its catalytic activity, after 
I h of incubation with 60% (v/v) dioxane, it exhibiting 160%) of its initial activit>' 
(Table 9). 
Treatment of soluble brinjal enzyme with 30% and 60% (v/v) DMF for 1 h at 
room temperature exhibited 128% and 79% of the initial activity, respectively. 
However, the exposure of immobilized brinjal PPO with 60%) (v/v) DMF for 1 h at 
room temperature exhibited an enhancement of 115%o in enzyme activity (Table 9). 
By treatment with 40% (v/v) of DMSO for 1 h at 37 °C, the activity of soluble 
enzyme enhanced to 129%, whereas the immobilized enzyme exhibited 178% of its 
original activity under identical incubation conditions (Table 9). Moreover, the 
incubation of soluble and immobilized brinjal PPO with 60% (v/v) DMSO showed 
decrease in soluble PPO activity, while the immobilized preparation still had 
enhanced activity of 120%. 
3.4.6. Effect of trypsin on the activity of immobilized brinjal PPO 
Figure 19 illustrates the effect of trypsin, a proteolytic enzyme on the activity 
of immobilized brinjal PPO. The immobilized brinjal PPO preparation was exposed to 
various concentrations of trypsin (0.25-2.5 mg/ml of the incubation mixture) for 1 h at 
37 "C. The immobilized enzyme exhibited a slight enhancement in enzyme activity 
upto 113%) after exposure with 1.0 mg trypsin per ml of incubation volume. This 
immobilized preparation was remarkably stable against the proteolysis mediated by 
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Table 9 
Effect of water-miscible organic solvent on soluble and immobilized brinjal PPO 
Remaining activity (%) 
Organic 
solvent Dioxane 
S-PPO I-PPO 
DMF 
S-PPO I-PPO 
DMSO 
S-PPO I-PPO 
75 iOO 16 144 104 
20 70 146 122 15 155 
30 65 176 128 175 164 
40 58 180 108 151 129 178 
50 52 174 94 135 17 154 
60 34 160 79 15 87 120 
PPO activity was assayed at all the indicated organic solvent concentrations and other 
assay conditions were same as mentioned in the text. 
The activity of soluble and immobilized brinjal PPO in assay buffer without organic 
solvent was taken as control (100%) for the calculation of percent activity. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Figure 19: Effect of trypsin concentration on immobilized brinjal PPO 
Immobilized PPO (2.8 EU) was exposed to increasing concentration of 
trypsin (0.25-2.5 mg) in a total volume of 1.0 ml of 50 mM sodium 
phosphate buffer, pH 7.0 at 37 °C for 1 h. The activity of trypsin 
unexposed immobilized brinjal PPO was taken as control (100%) for 
calculating the percent activity. Activity of enzyme was assayed 
according to the procedure described in text. 
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trypsin. Immobilized PPO expressed complete activity even after treatment with 2.5 
mg trypsin/mi of incubation mixture for 1 h at 37 "C. 
3.5. Decolorization and Removal of Textile and Non-textileByes^^^-ojpj 
Polluted Water by Using Potato/Brinjal PPO 'f[ ^ 
3.5.1. Effect of pH on the decolorization of textile reactive dyes 
Table 10 summarizes the effect of pH on the decolorization 
dyes by soluble potato and brinjal PPO. Most of the tested dyes 
maximally at pH 3.0. The decolorization rate was significantly high in the buffers of 
lower pH but it was continuously decreased on increasing the pH of the buffers. Some 
dyes decolorized much faster while the others were decolorized slowly. Potato PPO 
was much more effective in decolorizing the dyes at all the investigated pHs than the 
brinjal PPO. Decolorization of dyes was not seen in brinjal PPO treated polluted water 
atpH5.0. 
3.5.2. Effect of PPO concentrations on the decolorization of textile reactive dyes 
Eight textile reactive dyes were treated with increasing concentrations of 
potato and brinjal (Table 11). The rate of dye decolorization was continuously 
enhanced on addition of increasing amount of both types of PPOs. However, the rate 
of dye decolorization was marginally increased till 2.5 EU of potato PPO treated 
wastewater while the rate of decolorization was continuously increased upto 3.75 EU 
of brinjal PPO treatment. These observations suggested that the potato PPO was much 
more effective in decolorization of reactive dyes compared to brinjal PPO even at 
lower concentrations of the enzyme. 
3.5.3. Effect of time on the decolorization of textile reactive dyes 
Decolorization of textile reactive dyes with potato and brinjal PPO was 
examined by var>'ing the time of incubation (Table 12). The decolorization of dyes 
was increased with time up to 1 h. However, the rate of dye decolorization was quite 
slow after 1 h. This observation suggested that initial first hour was significant for 
dyes decolorization. These results further showed that potato PPO was more effective 
in decolorization of high percentage of color as compared to brinjal PPO. 
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Table 10 
Effect of pH on decoiorization of textile reactive dyes by potato and brinjal PPO 
% Dve decolorization 
r 
Name of the reactive 
dye 
K max 
(nm) pH 
h 
3.0 
Potato 
PPO 
Brinjal 
PPO 
4.0 
Potato 
PPO 
Brinjal 
PPO 
5.0 
Potato 
PPO 
Brinjal 
PPO 
Reactive Blue 4 600 i 80 31 83 23 53 0 
Reactive Blue 160 616 96 43 82 26 47 
Reactive Blue 171 607 i 97 50 91 21 53 
Reactive Orange 4 489 ; 78 30 75 29 ! 0 
Reactive Orange 86 413 I 78 
I 
i 
23 62 29 
Reactive Red 1 545 85 36 66 
Reactive Red 120 51 91 45 87 36 70 
Reactive Yellow 84 414 I 91 42 88 11 33 
Each dye was incubated with potato and brinjal (4.0 EU PPO/ml of reaction volume) 
in the buffers of varying pH values (3.0-5.0) at 37 °C for I h. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5% 
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Table 11 
Effect of brinjal and potato PPO concentration on the decolorization of textile 
reactive dves 
Name of the dye 
Reactive Blue 160 
Reactive Blue 171 
Reactive Red 11 
Reactive Orange 4 
Reactive Yellow 84 
Reactive Orange 86 
Reactive Blue 4 
Reactive Red 120 
1 
\2t 
Brinjal 
PPO 
8 
20 
18 
8 
13 
7 
8 
28 
EU 
Potato 
PPO 
44 
74 
62 
29 
47 
42 
49 
77 
% Dye decolorizatior 
2.5 EU 
Brinjal 
PPO 
20 
43 
29 
15 
21 
10 
21 
41 
Potato 
PPO 
84 
85 
70 
40 
78 
60 
75 
83 
1 
3.75 EU 
Brinjal 
PPO 
37 
56 
37 
21 
33 
19 
28 
57 
Potato 
PPO 
85 
85 
79 
52 
85 
62 
77 
83 1 
Each dye solution was incubated with increasing concentration of potato and brinjal 
PPO (1.25-3.75 EU/ml of reaction volume) in 50 mM sodium citrate buffer, pH 3.0 at 
37 °C for 1 h. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 12 
Time dependent decolorization of textile reactive dyes 
Name of the 
% Dve decolorization 
Time of incubation (min) 
dye 
Reactive 
BIueI60 
Reactive 
Bluel71 
Reactive 
Red 11 
Reactive 
Red 120 
30 
Brinjal 
39 
40 
30 
35 
Potato 
93 
84 
79 
87 
60 
Brinjal 
45 
46 
37 
46 
Potato 
94 
90 
82 
90 
90 
Brinjal 
49 
50 
40 
46 
Potato 
94 
96 
83 
93 
120 
Brinjal 
52 
56 
43 
49 
Potato 
94 
96 
85 
94 
Each dye solution was incubated with potato and brinjal PPO (4.2 EU/ml of reaction 
volume) in 50 mM sodium citrate buffer, pH 3.0 at 37 °C for varying times. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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3.5.4. Decolonization of non-textile dyes 
Table 13 illustrates the effect of potato and brinjal PPO on the decolorization 
of other industrially important dyes. Removal of color from all tested dyes by potato 
PPO was significantly higher as compared to brinjal PPO. Six out of nine dyes were 
decolorized by more than 60% with 4.0 EU of potato/ml of reaction volume. 
However, the decolorization by the same amount of brinjal PPO was marginally lower 
than potato PPO. l.2-Naphthaquinone-4-sulphonic acid. Methyl Blue and Tropaeolin 
were decolorized slowly as compared to other d} es by both PPOs. 
3.5.5. Decolorization of mixture of dyes 
In order to monitor the feasibility of treating industrial effluents, which may 
contain the complex mixture of dyes, we prepared various complex mixtures of textile 
reactive dyes by mixing two dyes in equal proportions. Table 14 shows the effect of 
potato and brinjal PPO on the mixture of dyes. The decolorization of mixture of dyes 
was investigated by measuring the remaining color at specific wavelength for the 
mixture. Potato PPO preparation was significantly more effective in decolorizing the 
higher percentage of color from all the dye mixtures than the brinjal PPO (Table 14). 
3.5.6. UV-visible spectra of treated Reactive Blue 160 
The treatment of textile dyes or their mixtures resulted in the formation of 
insoluble precipitate due to quinones-derivative formation, which mediates the 
aggregation of aromatic pollutants. Here, we have demonstrated the decolorization 
and removal of dyes with the help of UV-visible absorbance spectroscopy. Figure 20 
shows the absorption spectra of Reactive Blue 160 before and after treatment with 
potato and brinjal PPO. After treatment, a remarkable diminution in absorbance peaks 
in UV and visible regions was observed. 
Results 
Table 13 
Decoiorization of other industrially important dyes by potato and brinjal PPO 
j 
Name of dye 
PAGE Blue 83 
Coomassie Brilliant Blue R 250 
Coomassie Brilliant Blue G 250 
Methylene Blue 
Naphthaquinone-4-sulphonic acid 
Carmine 
Naphthalene Black 12 B 
Tropaeolin 
Evans Blue 
^^  max 
(nm) 
557 
556 
585 
664 
400 
518 
617 
446 
607 
% Dye decoiorization 
Potato 
PPO 
70 
87 
60 
35 
25 
60 
63 
30 
70 
Brinjal 
PPO 
43 
59 
20 
20 
13 
43 
38 
18 
42 
- - 1 
' 
All dyes were treated with potato and brinjal PPO (4.0 EU/ml of reaction volume) in 
the sodium citrate buffer. pH 3.0 for 1 h at 37 °C. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 14 
Decolorization of mixture of two textile reactive dyes by potato and brinjal PPO 
Mixture of dyes 
i 
1 
Reactive Blue 160 + 
Reactive Red 120 
Reactive BluelVI + 
Reactive Orange 86 
Reactive Yellow 84 
+ Reactive Orange 4 
Reactive Red 11 + 
Reactive Blue 4 
Reactive Blue 4 + 
Reactive Red 120 
Reactive Bluel71 + 
Reactive Red 120 
' ' rna\ 
(nm) 
540 
610 
401 
549 
541 
542 
1 
i 
j % Dye decolorization 
Potato PPO 
• 
94 
96 
85 
84 
90 
89 
Brinjal PPO 
23 
33 
23 
15 
35 
18 
The mixtures of dyes were treated with soluble potato and brinjal PPO (4.0 EU/ml of 
reaction volume) in 50 mM sodium citrate buffer. pH 3.0 for 1 h at 37 °C. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Figure 20: Absorption spectra of control and treated Reactive Blue 160 
Reactive Blue 160 solution was prepared in 50 mM sodium citrate bufTer, 
pH 3.0. Dye was independently treated with equal amount of potato and 
brinjal PPO for I h at 37°C. After 1 h the insoluble precipitate was 
removed by centrifugation and absorbance spectrum was recorded in UV-
visible regions. Untreated dye was used as a control. 
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Results 
3.6. Comparative Treatment of Dyes by Using Soluble and Immobilized 
Potato P ? 0 
3.6.1. Effect of pH on the decolorization of textile dyes 
The effect of pH on the rate of dye decolorization by using soluble and 
immobilized PPO has been examined in Table 15. Here, we have selected two 
reactive dyes. Reactive Blue 4 and Reactive Orange 86. for the decolorization in the 
buffers of different pH values. Reactive Blue 4 was maximal]} decolorized at pH 4.0 
while the Reactive Orange 86 was decolorized maximally in the bufTer of pH 3.0. 
However, the immobilized PPO preparation was more successful in removing higher 
percentage of color both at lower and higher pH values of pH-optima as compared to 
its soluble counterpart. 
3.6.2 Decolorization of various textile reactive dyes 
Table 16 describes the decolorization of eight textile reactive dyes by soluble 
and Celite bound potato PPO. Soluble enzyme was capable of removing 78-97% of 
the color of the dyes while the immobilized enzyme was more effective in 
decolorizing higher percent of color, 86-100% under similar experimental conditions. 
3.6.3. Decolorization of mixtures of textile reactive dyes 
Most of the industrial effluents contain complex mixture of dyes, therefore we 
have used the immobilized enzyme preparation for the decolorization of mixture of 
dyes. The decolorization of dyes from the complex mixture was quite a slow process 
and each mixture was decolorized to a lesser e.xtent as compared to single reactive 
dye. However, immobilized enzyme preparation decolorized more color from the dye 
mixtures as compared to the soluble enzyme (Table 17). 
3.6.4. Decolorization of dyeing eflluent 
Treatment of a dyeing effluent by soluble and iniiViobilized potato PPO 
resulted in a significant loss of color. The disappearance of color was followed by the 
formation of an insoluble precipitate. The observations suggested that immobilized 
potato PPO could remove more color from the dyeing effluent as compared to soluble 
enzyme (Table 17). Soluble potato PPO decolorized 82% of the dyeing effluent while 
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Table 15 
Effect of pH on the decolorization of textile reactive dyes by soluble and 
immobilized potato PPO 
% D\e decolorization 
pH 
i 
1 
i 1 1 
4 
5 
^ 6 
7 
i 8 
9 
i n 
i 
1 
Reactive Blue 4 
S-PPO 
80 
83 
53 
48 
11 
5 
0 
0 
I-PPO 
87 
93 
60 
47 
16 
5 
0 
0 
1 
Reactive Orange 86 
S-PPO 
78 
62 
50 
41 
20 
10 
0 
0 
1-PPO 
96 
78 
67 
48 
30 
15 
11 
7 
Each dye was treated with soluble and immobilized potato PPO (4.0 EU/ml of the 
reaction mixture) in buffers of pH 3-10 at 37 °C for 1 h. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 16 
Decolorization of textile reactive dyes by soluble and immobilized potato PPO 
% D\e decolorization 
i Name of reactive dves 
j 
j 
Reactive Blue 4 
Reactive Blue 160 
1 Reactive Blue 171 
Reactive Red 11 
Reactive Red 120 
Reactive Orange 4 
Reactive Orange 86 
1 
1 ! 
1 
Reactive Yellow 84 ! 
1 
I ' - max 
(nm) 
j 
i 
i 
600 
616 
607 
545 
511 
489 
413 
414 
i 
S-PPO 
80 
96 
97 
85 
91 
78 
78 
1 
91 i 
j 
I-PPO 1 
87 \ 
98 
1 
100 
91 i 
i 
97 
86 
96 
95 
Each dye was treated with soluble and immobilized potato PPO (4.0 EU/ml of 
reaction volume) in 50 mM sodium citrate buffer, pH 3.0 at 37 "C for 1 h. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 17 
Decolorization of mixtures of textile reactive dyes and dyeing effluent by soluble 
and immobilized potato PPO 
Name of mixture of dyes 
Reactive Blue!60 + Reactive Blue 171 + 
Reactive Yellow 84 + Reactive Red 11 
Reactive Red 120 + Reactive Orange 86 + 
Reactive Orange 4 + Reactive Blue 4 
Reactive Blue 160 + Reactive Orange 86 + 
Reactive Yellow 84 + Reactive Orange 4 
i 
Reactive Blue 4 + Reactive Blue 160 + 
Reactive Red 120 + Reactive Red 11 
*Dyeing effluent 
''- max 
(nm) 
551 
510 
483 
544 
635 
% Decolorization 
S-PPO 
40 
52 
24 
50 
82 
I-PPO 
51 
56 
34 
1 
. 
63 
95 
Each dye mixtures was treated with soluble and immobilized potato PPO (4.0 EU/ml 
of reaction volume) in 50 mM sodium citrate buffer, pH 3.0 at 37 "C for 1 h. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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the immobilized PPO decolorized more than 95% of the dyeing effluent under 
identical experimental conditions. 
3.6.5. Decolorization of non-textile dyes 
Table 18 illustrates the effect of soluble and immobilized potato PPO on the 
decolorization often industrially important non-textile dj'es. Removal of color from 
all tested dyes b> immobilized potato PPO was significantly higher as compared to 
the soluble enzyme. All the dyes were decolorized by more than 60% by immobilized 
potato PPO. However, two dyes; I,2-Naphthaquinone-4-suiphonic acid and 
TropaeoUn were decolorized slowly as compared to other dyes by the same amount of 
potato PPO. 
3.6.6. UV-visible absorbance spectra of the treated complex mixture of textile 
reactive dyes and dyeing effluent 
The UV-visible absorbance spectra of complex mi.xture of textile reactive dyes 
before and after treatment with soluble and immobilized PPO is shown in Figure 21. 
The diminution in the peaks of the dyes in visible and UV regions took place due to the 
removal of dyes in the form of an insoluble precipitate after treatment with PPOs. 
However, the peak was diminished by 50% by the treatment with soluble PPO and 
immobilized PPO reduced the peak to 63% in visible region as compared to the control. 
However, in UV region there was a remarkable diminution in the peaks both by the 
soluble and the immobilized potato PPO. 
Figure 22 demonstrates the spectra of dyeing efTluent before and after the 
treatment with soluble and immobilized potato PPO. There was a remarkable 
diminution in absorbance peaks of dyeing effluent in both the UV and visible regions 
after treatment with soluble and immobilized potato PPO. 
3.6.7. TOC content of potato PPO treated dyes 
TOC content of individual dyes and mixture of dyes before and after treatment 
with soluble and immobilized potato PPO is shown in Tables 19 and 20. As compared 
to control, the level of TOC was decreased in both soluble and immobilized potato 
PPO treated polluted water. However, the immobilized PPO treated dye solutions 
exhibited more loss of TOC from the polluted wastewaters. 
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Table 18 
Decolorization of industrially important non-textile dyes by soluble and 
immobilized potato PPO 
°/o D\ e decolorization 
Kanie of dve 
(nm) 
S-PPO >PO 
) 
Bromophenol Blue 
Cannine 
! 
Chelpark Blue 
Chelpark Black 
Chelpark Red 
Coomassie Brilliant Blue R 250 
1,2-Naphthaquinone-4-sulphonic acid 
Naphthalene Black !2B 
PAGE Blue 
Tropaeolin 
1 
! • • • 
590 
518 
581 
484 
493 
556 
400 
617 
557 
446 
59 
60 
87 
63 
84 
87 
25 
63 
80 
30 
63 
77 
93 
80 
94 
98 
37 
80 
87 
45 
All dyes were treated independently with soluble and immobilized potato PPO (4.0 
EU/ml of reaction volume) in 50 mM sodium citrate buffer, pH 3.0 at 37 "C for 1 h. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
90 
Figure 21: Absorption spectra of control and treated mixture of dyes 
A mixture of dyes (Reactive Blue 4. Reactive Blue 160, Reactive Red 
120 and Reactive Red 11) was treated with equal amount of soluble and 
immobilized potato PPO as described in the text. After treatment 
insoluble precipitate was removed by centrifugation. The absorbance 
spectra were recorded in UV-visible regions by using a Cintra \0e 
spectrophotometer. The spectra of control and PPO treated dye mixture 
are labeled in the figure. 
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Figure 22: Absorption spectra of control and treated dyeing effluent 
The spectra of dyeing effluent were recorded before and after treatment 
with soluble and immobilized PPO. For the procedure of dye treatment 
refer to the assay of dye decolorization part (2.5.4) of methods. Spectra 
for treated and untreated dye effluent are labeled in the figure. 
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Table 19 
TOC content of reactive dyes after treatment with soluble and immobilized 
potato PPO 
TOC content (ppm) 
Name of reactive dves Remaining TOC after treatment 
1 
Reactive Blue 4 
Reactive Blue 160 
Reactive Blue 171 
Reactive Red 11 
Reactive Red 120 
Reactive Orange 4 
Reactive Orange 86 
Reactive Yellow 84 
Control 
167 
182 
150 
171 
156 
192 
144 
174 
Uil 
S-PPO 
89 
105 
71 
98 
74 
99 
120 
104 
h-
l-PPO 
59 
79 
52 
62 
52 
72 
80 
86 
All dyes were treated independently with soluble and immobilized potato PPO (4.0 
EU/ml of reaction volume) in 50 mM sodium citrate buffer, pH 3.0 at 37 "C for 1 h. 
Centrifugation of each treated sample was done before monitoring TOC level. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Result!: 
Soluble potato PPO removed 41-53% of TOC in case of single reactive d\e 
treatment. However, Reactive Orange 86 was found to be recalcitrant to PPO action 
and only 17% of TOC was removed. Immobilized potato PPO removed TOC to a 
large extent and it was found to be between 45-67%. 
TOC removal from mixture of dyes was observed to a lesser extent than the 
single dye treatment. When mixture of four treated textile reactive dyes ware analyzed 
for the TOC content, soluble potato PPO removed 35-46%. However, immobilized 
enzyme removed 52-60% TOC under similar incubation conditions (Table 20). 
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Table 20 
TOC content of mixtures of reactive dyes after treatment with soluble and 
immobilized potato PPO 
Mixture of reactive dyes 
Reactive Blue 160 + Reactive Blue 171 + 
Reactive Yellow 84 + Reactive Red 11 
Reactive Red 120+Reactive Orange 86+ 
Reactive Orange 4+Reactive Blue 4 
Reactive Blue 160 + Reactive Orange 86 + 
Reactive Yellow 84 + Reactive Orange 4 
Reactive Blue 4 + Reactive Blue 160 + 
Reactive Red 120 + Reactive Red 11 
i 
1 
TOC content (ppm) 
Control 
174 
184 
177 
162 
i 
Remaining TOC after 
treatment with-
S-PPO 
100 
105 
96 
106 
i-PPO 
82 
74 
86 
1 
78 
i 
Each mixture of dye was treated with soluble and immobilized potato PPO (4.0 
EU/ml of reaction volume) in 50 mM sodium citrate buffer, pH 3.0 at 37 "C for 1 h. 
Centrifugation of each treated sample was done before monitoring TOC level. 
Each value represents the mean for three-independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Discussion 
The development of biological recognition molecules into anahlical 
methodology particularl> within the area of environmental control was recently 
emphasized by Marko-Varga el al. (1995). Selective and sensitive devices for 
monitoring phenols, aromatic amines, azides and cyanides based on polyphenol 
oxidases have proved to be very useful in the analytical determination of such 
compounds. The enz\me electrodes based on immobilized tyrosinase uere 
successfull> employed for measuring these organic pollutants (Zachariah and Mottola, 
1989: Liu et al.. 2000). The rare availabilit\ and high cost of the commercialK 
purified tyrosinase has limited its use for various reasons. In order to overcome this 
problem, it is advantageous to use crude extract or partially purified enz>me 
preparation from mushroom instead of pure enzyme for the immobilization of 
t\Tosinase. 
Here, an effort has been made to immobilize tyrosinase directly from the 
ammonium sulphate fractionated proteins of common edible mushroom on an 
immunoafTmity support. Immunoaffinity support was prepared by coupling 
antityrosinase antibodies to the cyanogen bromide activated Seralose 4B. Tyrosinase 
was immobilized in high yield on IgG coupled Seralose 4B and it could bind 573 
EU/ml of the adsorbent. The binding of mushroom tyrosinase in high yield on the 
antibody-Seralose 4B support was measured by the effectiveness factor (T]) of the 
immobilized enz>me preparation. However, mushroom tyrosinase immobilized on 
IgG-Seralosc 4B support exhibited an effectiveness factor of 0.97 (Table 3). 
Effectiveness factor of an immobilized enzyme preparation determines the measure of 
the internal diffusion and reflects the efficiency of the immobilization procedure 
(Muller and Zwing. 1982). Several earlier investigators have described that the 
enz\mes immobilized on the antibody support showed ver> high effectiveness factor 
(Farooqui et al.. 1999; Jan et al.. 2001). This immobilized enzyme preparation was 
quite superior over the other adsorption methods of tyrosinase immobilization (Wada 
et al.. 1993; Batra and Gupta. 1994b). The specific binding of tyrosinase to the 
immunoafilnit) suppon directly from the ammonium sulphate precipitated proteins of 
mushroom was significant!) useful in reducing the cost of immobilized enzyme 
preparation. 
immunoaffinity immobilized mushroom tyrosinase exhibited very high 
stabilization against the inactivation induced by pH, heat and urea as compared to the 
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soluble counterpart (Figure 5-8). Jafri et al. (1993) have shown that invertase 
insolubilized by using poiycJonal antibodies was remarkably more resistant to the 
inactivation induced by various denaturing agents. Native mushroom tyrosinase was 
found to be thermally less stable as compared to the PPO from other sources (Batra 
and Gupta. 1994b). It lost complete activity within 10 min of incubation at 55 "C. 
However, the immunoaffinity immobilized t>T0sinase exhibited a remarkable 
stabilization against thermal denaturation (Figure 5). A marked increase in 
thermostability was shown by invertase immobilized on Sepharose precoupled with 
the IgG (.lafri el a!.. 1995). In an earlier study, it has been described that the stabilitv 
of crosslinked immuno-precipitates of gulonolactone oxidase was quite high in vivo in 
gumea pigs (Feinstein el al.. 1971). Shami el al. (1989) reported the stabilization of 
enzymes against heat, proteolysis, oxidative stress and organic solvents as a result of 
complexing with specific monoclonal antibodies. Carboxypeptidase A immobilized 
on Sepharose via specific antibodies was significantly more stable as compai-ed to the 
immobilized preparation obtained by directly coupling the enzyme to the support 
(Solomon e/a/.. 1986) 
IgG Seralose adsorbed mushroom tyrosinase was significantly m.ore superior 
in stability against the exposure caused by 4.0 M urea as compared to the soluble 
counterpart (Figure 8). Although the action mechanism of interaction of urea with 
proteins has not yet been completely understood. Numerous earlier workers have 
proposed that protein get unfolded by the direct interaction of urea molecule with the 
peptide backbone via hydrogen bonding/hydrophobic interactions, which contributed 
to the maintenance of protein conformation (Makhatadze and Privalor, 1992; 
Musthapa el al.. 2004). 
Immunoaffinity bound tyrosinase had a marked stabilization against water-
miscible organic solvents induced inactivation. Organic solvents are very common 
pollutants along with aromatic compounds and their presence can influence the 
structure of enzymes. Enzymes employed for the analytical determination/treatment 
of wastewater containing pollutants would be affected by the presence of such 
solvents. IgG Seralose 4B bound tyrosinase was remarkably more stable against the 
exposure caused by DMF/DMSO/propanol (Table 4). There have been numerous 
reports that the immobilization of enzymes by multipoint attachment protected them 
from denaturation mediated by organic solvents in cosolvent mixtures (Mozhaev el 
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ai. 1990; Batra and Gupta. 1994b: Femandez-Lafuente et al.. 1995). Immobilized 
mushroom tyrosinase exhibited significantly very high stability against the 
denaturation mediated by water-miscible organic solvents. The significance of support 
matrices for the utilization of enzyme in organic solvents has already been recognized 
(Reslovv et al.. 1988) and proteinic supports might be particularly useful (Whetje el 
a!.. 1992). Moreover, in our laboratory it has been demonstrated that enzymes 
immobilized on protein supports were also quite resistant to denaturation induced b\ 
various water-miscible organic solvents (Akhtar et al.. 2005c: Jan et al.. 2005). More 
recently, it was shown that F(ab)2' or IgG-Co*'' IDA-Sepharose/lgG Sepharose bound 
glucose oxidase preparations were significantly stable against the inactivation caused 
b\' pH, urea, heat and water-miscible organic solvents (Jan et al.. 2001: Jan and 
Husain, 2004). The significance of other supports in the stabilization of potato PPO 
and bitter gourd peroxidases against water-miscible organic solvents has also been 
described (Batra et al., 1997; Kulshrestha and Husain, 2005). 
This study suggests that the enzyme bound to the IgG-Seralose 4B support 
could be efficiently employed for the transformation of various compounds, which are 
insoluble or sparingly soluble in aqueous environment in the presence of high 
concentrations of water-miscible organic solvents. The generally observed higher 
stabilit}' of the immunoaffinity bound tyrosinase against various forms of inactivation 
may be related to the specific and strong binding of enzyme with antibody support, 
which prevent the unfolding/denaturation of enzyme. 
Our results clearly showed that the immunoaffinity immobilized preparation 
of mushroom t\rosinase could efficiently be used to prepare a highly sensitive 
biosensor for the estimation of phenols, cyanide, azides, aromatic amines and other 
related compounds present in various biological and wastewater samples. In view of 
the improved stability of IgG-Seralose 4B immobilized tyrosinase against heat, pH, 
urea and water-miscible organic solvents, it may find a place in analytical devices 
used for clinical, environmental and food technology (Scheper et al., 1996: Vieira and 
Fatibello-Filho, 1998; Forzani et al., 2000). However, the strength of association of an 
enzyme with its support depends upon its affinity for the antibody. The multiplicity of 
antigen-antibody interactions may add remarkably to the strength of association with 
support and in turn in the operational life of the device (Saleemuddin, 1999; Farooqui 
et al., 1999). Recently, some workers have demonstrated that large amounts of 
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glucose oxidase could be immobilized on small amounts of support in the form of 
multiple layers of enzyme and antibodies (Farooqui et a/., 1999; Jan et al., 2001; Jan 
and Husain. 2004). Such immobilized enzyme preparations required commercially 
available pure enzymes, which added more cost to the systerti. However, in this study 
we have developed a procedure where enzyme could be directly immobilized from the 
partially purified preparation, in order to immobilize PPO in high yield, enzyme can 
be immobilized in the form of layers directly from partially purified PPO preparation 
and thus enhancing the catalytic efficiency of the enzyme. 
One remarkable advantage of using a bioafTmity matrix for enzyme 
immobilization is its potential in the replacement of enzyme inactivated during 
operation with a fresh batch of enzyme preparation, enabling the recycling of the 
precious matrix (Solomon et a!., 1986; Saleemuddin, 1999). Agneliini el al. (1992) 
have described a successful replacement of urease immobilized through specific 
antibodies bound to the nylon tubes of the bioreactor and NADase from its antibody-
Affigel 10 support. However, such replacement was not possible when enzymes were 
immobilized via chemical aggregation/covalent attachment/entrapment or micro-
encapsulation. 
Mushroom tyrosinase has been successfully used for the detoxification and 
removal of phenols from wastewater (Wada el al.. 1993; 1995). However, the 
immunoaffinity immobilized mushroom tyrosinase preparation is not feasible for the 
detoxification of huge volume of polluted wastewater coming out of the industries. 
Despite being a rich source of PPO, mushroom is still expensive when compared to 
other sources of this enzyme like potato and brinjal. It sprouts naturally only during 
the rainy seasons of the year or is grown under controlled conditions onK. 
Potato and brinjal are easily available, cheap and rich sources of PPOs. Potato 
and brinjal PPOs are copper containing enzymes (Partington and Bolwell, 1996). 
Celite 545 is a diatomaceous earth and it can bind specifically various bivalent cations 
containing proteins (Fling et al., 1963). Celite adsorbed PPO directly from the 
ammonium sulphate fractionated proteins of potato and brinjal maximally at pH 7.0 
240 and 248 EU per gm of the dry adsorbent, respectively (Figure 9, Table 5). 
Adsorption of this high PPO activity from the salt precipitated proteins of the potato 
and brinjal suggested that Celite adsorbed such type of enzymes specifically. The 
extent of immobilization was analyzed by the effectiveness factor 'T]'. The potato and 
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brinja! PPO immohilized preparations exhibited effectiveness factors 'r]" of 0.71 and 
0.62. respectively (Table 5). Earlier workers have also reported the pH-dependent 
adsorption of PPO on various supports (Batra and Gupta. 1994b). 
The pH-optima of immobilized potato PPO remained unaltered (Figure id). 
however these observations were in agreement with other earlier published data 
(Anderson et a!., 1990; Davis and Burns, 1990; Palmieri et al.. 1994). The pH-activity 
profile of soluble brinja! PPO exhibited its pH-optimum at pH 8.0. However, there 
was a shifting in the pH-optimum for immobilized brinjal PPO from pH 8.0 to 9.0 
(Figure 11). It has been described that the immobilization of mushroom and quince 
PPOs via adsorption resulted in altering the pH optima from pH 7.0 to 8.0 and from 
pH 8.5 to 9.0. respectively (Estrada et al.. 1991; Yagar and Sagiroglu. 2002). Celite 
bound potato and brinjal PPO preparations retained significantly high activity even 
after 2 h incubation at 60 "C (Figure 12 and 13). However, the soluble enzyme lost 
their activity much faster under similar exposure to heat. 
Immobilized potato and brinjal PPO preparations had no difference in the 
maximum activity between 40-50 °C (Figure 14 and 15). Both the Celite bound potato 
and brinjal PPO retained significantly higher fraction of catalytic activity at elevated 
temperatures as compared to their soluble counterparts. These results demonstrated 
that the immobilized enzyme preparations were significantly more resistant to heat 
induced inactivation. Some earlier investigators have also reported an alteration in 
temperature-optima of fig tree latex flcin immobilized on Celite from 60-80 °C 
(Anderson et al., 1990). An appreciable increase in operational and thermal stability 
was observed for Fuller's earth-adsorbed gelatin-entrapped mushroom tyrosinase 
compared with gelatin entrapped native enzyme (Sharma el al.. 2003) 
Immobilized PPO preparations from potato and brinjal were quite resistant to 
urea treatment. The exposure of these enzymes for a short time with urea induced an 
enhancement in the activity of the enzyme (Figure 16 and 17). In an earlier study urea 
mediated activation of plant PPOs has already been reported (Swain et al., 1966). 
Wastewaters also contain several kinds of detergents, therefore it was 
important to examine the stability of Celite bound potato and brinjal PPO against 
detergents; SDS, Tween 20 and Triton X 100. Immobilized potato PPO preparation 
was significantly more stable against the inactivation induced by increased 
concentration of SDS (Figure 18). SDS induced activation of PPOs from a number of 
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sources has been described by some earlier investigators (Moore and Fiurkey, 1990; 
Jimenez and Garcia-Carmona. 1996). Furthermore, it has been shown that SDS could 
activate both the cresolase and catecholase activities in case of broad bean, shortening 
the characteristic lag of the cresolase activity. The immobilized potato PPO \'^ as 
incubated with increased concentration of Triton X 100 and Tween 20 and there was a 
marked enhancem.ent in the activity of soluble and immobilized PPO preparations. 
However, the activation was more pronounced in case of immobilized PPO (Table 6). 
These results suggested that potato PPO, present in its partially active form, which 
was activated in the presence of lower concentrations of various detergents. There 
were various reports regarding the stimulation of PPO activity by means of detergent 
treatments (Moore and Fiurkey, 1990; Jimenez and Garcia-Carmona, 1996). 
Wastewater usually gets contaminated with several kinds of pollutants 
including the household washing detergents. Hence, an effort has been made to 
investigate the stability of immobilized brinjal PPO in the presence of certain 
detergents such as Surf Excel and Rin Powder. The immobilized brinjal PPO was 
quite resistant against the denaturation induced by Surf Excel as compared to soluble 
enzyme. The treatment of soluble and immobilized brinjal PPO with lower 
concentration of Rin Powder showed an enhancement in enzyme activity. At higher 
concentration of the detergent, soluble PPO quickly lost its activity, whereas 
immobilized preparation retained significantly high fraction of catalytic activity even 
after treatment with 1.0% (w/v) Rin Powder (Table 7). These observations suggested 
that the immobilized enzyme preparation was more stable against the detergents used 
in ever} household and laundr. for washing clothes, utensils and for other purposes. 
Therefore, such preparations can be exploited for the use in bioreactors at large-scale 
conversion of aromatic pollutants into non-toxic compounds. The use of such 
inexpensive immobilized enzyme preparations will definitely minimize the cost of 
treatment of hazardous pollutants. 
Organic solvents are common pollutants along with aromatic compounds in 
wastewater and their presence can affect the activity and stability of the enzymes used 
for the remediation of such pollutants. Celite bound PPO preparations exhibited 
significantly higher stability as compared to their soluble counterparts in the presence 
of increasing concentrations of organic solvents (Table 8 and 9). Our observations 
regarding the stabilization of PPO activity against several forms of physical and 
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chemical denaturants are in agreement with earlier published data. Numerous 
investigators have already demonstrated that the adsorption of potato PPO on chitin, 
chitosan and Eudragit S-iOO resulted in the stabilization of PPO activity against the 
denaturation mediated by various water-miscible organic solvents (Batra and Gupta. 
1994a; !994b). More recenth, in our laboratory it has been shown that bitter gourd 
peroxidase adsorbed on DEAE-cellulose support was quite resistant to inactivation 
induced by water-miscible organic solvents (Kulshrestha and Husain, 2005). Thus 
immobilization of enzymes by adsorption on Celite 545 support is generally a better 
approach than other methods of immobilization if one wants to work in aqueous-
organic cosolvent mixtures wherein organic solvent concentration is very high. 
Batra and Gupta (1994a) have described that potato PPO adsorbed on chitin 
behaved differently compared to soluble enzyme in aqueous-organic cosolvent 
mixtures. Moreover, these workers further reported that the PPO, peroxidase, trvpsin 
and acid phosphatase showed stimulation of enzyme activity within a specific 
concentration range of water-miscible organic solvents present in the medium (Batra 
and Gupta, 1994a). Enzyme immobilized by adsorption on Eudragit S-100, chitin and 
chitosan exhibited enhanced activity in organic cosolvent mi.xtures when the 
concentration of the organic solvent was around 10-20% (v/v) (Batra el al., 1997). 
The immobilized brinjal PPO preparation exhibited a slight enhancement in 
enzyme activity and was remarkably more stable against proteolysis mediated by 
trj'psin. Immobilized PPO expressed almost complete activity even in the presence of 
2.5 mg trypsin/ml of reaction mixture (Figure 19). This observation suggest that such 
type of immobilized enzyme preparation could be applied for any kind of application 
where the proteases are present in high concentrations. Earlier workers have described 
that the inactive or latent forms of PPO could be activated by exposure with 
proteolytic enzyme (King and Flurkey. 1987; Soderhall and Soderhall, 1989). 
Decolorization of various textile and other industrially important non-textile 
dyes by soluble potato and brinjal PPO were studied by var>'ing the incubation 
conditions of the reaction mixture like pH, time, and enzyme concentration. The 
results showed that soluble potato PPO was more effective in dye decolorization than 
the brinjal PPO under various experimental conditions (Table 10-12). The 
decolorization of all the dyes by potato and brinjal PPO was optimum in the buffer of 
pH 3.0. With the increase in pH above 3.0, dye removal was found to drop 
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significantly (Table !0). !l is evident that ! h of reaction time was sufficient for 
maximum dye removal (Table 12). Bhunia ei al. (2001) demonstrated that the 
decoiorization of Remazol Blue was maximum at pH 2.5. The rate ot dse 
decoiorization decreased with increased pH of the reaction medium. Recently Mohan 
el al. (2005) described that the decoiorization and degradation of Acid Black 10 B.\ 
by free and immobilized HRP was maximum in the buffer of pH 2.0. initial first hour 
was found to be significant for the dye decoiorization. After 1 h, the increase in the 
rate of dye decoiorization was insignificant, which might be due to the product 
inhibition (Table 12). Our results were in agreement with earlier published work that 
45 min of incubation time was sufTicient for dye decoiorization (Mohan et al., 2005). 
Decoiorization of some industrially important non-textile dyes clearly showed that 
potato PPO was more effective and decolorized higher percentage of color as 
compared to brinjal PPO under identical experimental conditions. Some dyes were 
either recalcitrant or decolorized slowly by the action of soluble potato and brinjal 
PPO (Table 13). 
Industrial effluents coming out of different dyeing and textile industries are 
mostly composed of mixture of dyes. Hence the decoiorization of some mixture of 
textile reactive dyes was evaluated by using soluble potato and brinjal PPO (Table 
14). The treatment of textile reactive dyes or their mixtures by potato and brinjal PPO 
resulted in the formation of insoluble precipitates due to quinone-derivative 
formation, which mediated the aggregation of aromatic pollutants. Several reports 
described that the treatment of phenols, aromatic amines and dyes with peroxidases 
and polyphenol oxidases resulted in the formation of large insoluble aggregates, 
which could be easily removed by centrifugation, sedimentation or filtration (Husain 
and Jan, 2000; Torres et al., 2003; Akhtar at al., 2005b). UV-visible absorbance 
spectroscopy clearly showed the diminution in the peaks in both UV and visible 
regions after treatment with soluble potato and brinjal PPO. This decrease in peaks 
was more pronounced in case of potato PPO treated samples (Figure 20 and 21). 
The use of free enzymes has several drawbacks such as the stability, 
reusability and catalytic efficiency due to complexity of the effluents (Zille et al., 
2003). Some of these limitations can be overcome by the use of immobilized 
enzymes, which could be used as catalysts with long lifetime and in continuous 
reactors (Rogalski et al., 1995; Zille et al., 2003). Mohan et al. (2005) reported that 
103 
Discussion 
arylamide gel immobilized HRP was more effective in decolorizing Acid Black lOBX 
compared to alginate entrapped and free HRP. 
Celite adsorbed PRO preparation had ver>' high stability against several forms 
of denaturants. In view of its high stability and cost of preparation, it could be 
exploited for the treatment of wastewater contaminated with dyes. In order to make 
the preparation more successful for the decolorization of textile reactive dyes, various 
conditions were optimized for the proper functioning of immobilized potato PPO. 
The decolorization of Reactive Blue 4 with soluble and immobilized PPO was 
maximum at pH 4.0, while Reactive Orange 86 was decolorized maximally in the 
buffer of pH 3.0. Immobilized PPO preparation was more successful in removing 
higher percentage of color both at lower and higher pH values than its soluble 
counterpart (Table 15). Some earlier workers have already shown that the degradation 
of industrially important dyes by HRP was also maximum in the buffer of lower pH 
values (Bhunia el al., 2001; Mohan et ah, 2005) 
Our observations suggested that the immobilized preparation of potato PPO 
was more effective in removing the higher percent of color from dye solutions as 
compared to the soluble enzyme (Tablel6-18). Potato PPO decolorized markedly 
more color of dyes even in the absence of free radical mediators, which have been 
used by a number of workers for other oxidoreductases (Rodriguez et al., 1999; 
Soares el al., 2001 b; Akhtar el al., 2005c). 
Complex mixtures of dyes were also treated with immobilized potato PPO. 
Immobilized enzyme decolorized significantly more color from the dye mixtures as 
compared to the soluble enzyme (Table 17). These observations suggested that the 
industrial effluents containing mixture of dyes could be successfully treated with 
immobilized potato PPO preparation even if the effluents are acidic in nature. The 
decolorization of dyes in the dye mixture was relatively a slow process as compared 
to the decolorization of individual dye. In an earlier study some workers have 
demonstrated that the removal of phenols from their mixtures was also quite slow as 
compared to individual phenols (Kahru et al, 2000). This was probably due to the 
competition between various phenols or aromatic compounds for the active site of the 
enzyme or certain substituted phenols become recalcitrant or slowly transformed by 
the action of enzyme. 
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After successful treatment of model wastewater containing textile and non-
textile dyes or mixture of dyes by immobilized polyphenol oxidases, an effort was 
made to investigate the effect of potato PPO on dyeing effluent. Immobilized potato 
PPO treated dyeing effluent showed loss of more color than the soluble PPO. The 
disappearance of color was followed by insoluble precipitate fomiation. The 
observations suggested that immobilized potato PPO could remove more color from 
the dyeing effluents as compared to soluble enz\me (Table 17). The significance of 
using immobilized enzyme was that such type of enzyme preparation could be reused 
with significantly high stability against several tested denaturing agents present in 
wastewaters. The diminution in absorbance peaks in visible as well as in UV regions 
were noticed when the dye mixtures and dyeing effluent were treated with soluble and 
immobilized potato PPO. This decrease in the peaks of the complex mixture of dyes 
in visible and UV regions was more pronounced in case of immobilized PPO treated 
samples (Figure 21 and 22). 
Earlier, workers have described an effective removal and decolorization of 
industrially important dyes by using immobilized peroxidases (Shaffiqu et a!., 2002; 
Akhtar et al, 2005b). The applications of peroxidases in wastewater treatment added 
additional cost due to the use of expensive co-substrate hydrogen peroxide. The use of 
stable and reusable polyphenol oxidases could avoid the use of H2O2 because these 
enzymes catalyze reactions in the presence of molecular O2 (Husain and Jan, 2000). 
The use of laccases and peroxidases in the decolorization of various reactive and non-
reactive dyes required free radical mediators for effective treatment of wastewaters 
(Rodriguez, et al., 1999; Soares et al, 2001a; Akhtar et al, 2005b). However these 
were expensive compounds and their presence could add pollution to the 
environment. To avoid the use of such compounds, plant PPOs were considered to be 
better alternatives than laccases and peroxidases. 
The level of TOC was significantly decreased in both soluble and immobilized 
potato PPO treated polluted water. However, the immobilized PPO treated dye 
solutions exhibited more loss of TOC from the wastewater (Table 19 and 20). These 
observations suggested that major toxic compounds could be removed out of the 
potato PPO treated samples. Immobilized HRP has been shown to remove 88% of 
TOC from model wastewater containing mixture of chlorophenols (Tatsumi et al., 
1996). Recently we have reported that a significant amount of TOC from polluted 
105 
Discussion 
water containing dyes/dye-mixtures and dyeing effluent was removed when treated 
with soluble and immobilized bitter gourd peroxidase (Akhtar et al., 2005b). Several 
earlier workers have described the removal of dye from wastewater in the form of 
TOC by treating them with certain chemical methods such as ozonation (Koch ei uL. 
2002). 
Finally, as a whole this work clearly shows that the wastewater containing 
different types of textile and non-textile dyes and their mixtures could be easily 
decolorized by the partially purified polyphenol oxidases obtained from cheaper plant 
sources like potato and brinjal. Immobilized enzymes were more useful due to their 
higher stability and reusabilir>' and could be exploited at large scale treatment of 
industrial ei"fluents contaminated with organic pollutants such as aromatic dyes. 
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The use of immobilized and stable enzymes has immense potential in the 
enzymatic analysis of clinical, industrial and environmental samples. However, their 
wide spread use is limited due to the high cost of their production. In the present 
study, an effort has been made to immobilize tyrosinase directly from ammonium 
sulphate precipitated proteins of the mushroom (Agaricus bisporus) on the polyclonal 
antibody bound to Seralose 4B support. Polyclonal antibodies were raised in male 
albino rabbits by injecting commercially available mushroom tyrosinase in the 
presence of Freund's adjuvants. Antibodies were purified from antisera by ammonium 
sulphate fractionation followed by DEAE-cellulose chromatograph\. Two distinct 
bands of light and heavy chains of purified IgG. appeared on SDS-PAGE. 1 he 
homogeneity of the purified IgG was further examined by Ouchterlony double 
immunodiffusion. One milliliter of cyanogen bromide-activated Seralose 4B bound 
9.0 mg of purified IgG. IgG coupled Seralose 4B retained nearly 573 tyrosinase EU 
per ml of the gel matrix. The preparation thus obtained was highly active and 
exhibited very high effectiveness factor 'T|' of 0.97. Immunoaffinity bound tyrosinase 
was more stable against heat and pH inactivation compared to the soluble enzyme. 
Immobilized enzyme exhibited no change in temperature optima between 30-35 °C 
whereas soluble tyrosinase had a temperature optima of 35 °C. Immunoaffinity bound 
tyrosinase retained greater fraction of enzyme activity on both sides of temperature-
optima compared to soluble enzyme. However, the broadening in pH-optima was 
observed from pH 5.5 to 6.0 for immobilized enzyme. Moreover, immobilized 
tyrosinase preparation exhibited remarkably very high resistance against denaturation 
induced by urea and water-miscible organic solvents. 
Potato polyphenoloxidases were isolated from the buffer extract b\ 
ammonium sulphate fractionation. Ammonium sulphate precipitated proteins were 
redissolved in sodium phosphate buffer and dialyzed against the assay buffer. 
Dialyzed enzyme contained 96 EU of polyphenol oxidase activity per gm of the intact 
potato and this partially purified protein preparation was used to immobilize on Celite 
545 in buffers of varying pH values. The maximum binding of polyphenol oxidase 
activity was observed at pH 7.0. Celite adsorbed 240 EU of polyphenol oxidase 
activity per gm of the adsorbent in sodium phosphate buffer, pH 7.0. Immobilized 
enzyme preparation was compared with its soluble counterpart for the stability against 
various forms of chemical and physical parameters; pH, temperature, urea, detergents; 
SDS. Triton X 100, Tween 20 and water-miscible organic solvents like acetonitrile, 
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DMF. dioxane and n-propanol. Celite bound polyphenol oxidases exhibited very high 
stability against all tested parameters as compared to its soluble counterpart. The 
activity of soluble and immobilized polyphenol oxidase was enhanced in the presence 
of increasing concentration of non-ionic detergents (0.2-1.0%, v/v) like Triton X 100 
and Tween 20. This enhancement in enzyme activity of immobilized potato PPO was 
markedly very high. Immobilized potato PPO showed 351% and 544% of the initial 
activity in the presence of 1.0%, Triton X 100 and Tween 20, respectively. 
Partially purified polyphenol oxidase from brinjal was also immobilized on 
Celite 545 by simple adsorption at pH 7.0. Celite adsorbed 248 EU of polyphenol 
oxidase per gm of the matrix. The immobilized enzyme preparation exhibited 
effectiveness factor "ri" of 0.62, optimum pH 9.0 and temperature optimum 40-50 "C. 
Celite bound polyphenol oxidase retained high stability against thermal denaturation 
as compared to soluble counterpart. Urea and water-miscible organic solvent 
treatment significantly enhanced the activity of brinjal polyphenol oxidase. 
Enhancement was significantly more pronounced in case of immobilized enzyme 
preparation. Celite bound brinjal polyphenol oxidase had no loss in enzyme activity 
even when it was exposed to very high amount of trypsin. Immobilized PPO 
preparation exhibited a marked resistance against inactivation mediated by washing 
detergents such as Surf Excel and Rin Powder. 
The role of plant polyphenol oxidases for the treatment of various important 
dyes used in textile and other industries has been investigated. Potato and brinjal 
polyphenoloxidases were isolated from the buffer extract by ammonium sulphate 
precipitation. These salt fractionated enzyme preparations were used to target a 
number of dyes under various experimental conditions. The parameters such as the 
effect of enzyme concentration. pH and time were standardized for the decolorization 
of dyes. Majority of dyes were maximally decolorized at pH 3.0. Some of the dyes 
were quickly decolorized whereas others decolorized slowly. In initial first hour, most 
of the dyes were maximally decolorized. The rate of decolorization was quite slow on 
long treatment of dyes with enzymes. Enhancement in the dye decolorization was 
noticed on increasing the concentration of enzymes. In order to prove the 
compatibility of the enzymes in the treatment of industrial effluents, we have 
investigated the treatment of mixture of two dyes with both potato and brinjal 
polyphenol oxidases. The results emphasized that potato polyphenol oxidases were 
significantly more effective in decolorizing the dyes to higher extent, under different 
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experimental conditions as compared to the brinjal polyphenol oxidases. Most of the 
dyes were decolorized by the formation of an insoluble precipitate, which could be 
easily removed b) simple centrifugation. 
Celite bound potato PPO preparation has been employed for the treatment of 
wastewaters contaminated with textile reactive dyes and dyeing effluent. Immobilized 
polyphenol oxidase preparation was compared with soluble enzyme for the 
decolorization of Reactive Blue 4 and Reactive Orange 86 in the buffers of various 
pH values. The maximum decolorization was found at pH 3.0 and 4.0 in case of 
Reactive Blue 4 and Reactive Orange 86, respectively. Immobilized potato 
polyphenol oxidase preparation was significantly more effective in decolorizing the 
higher percentage of color of each dye as compared to soluble counterpart. 
Immobilized potato polyphenol oxidase preparation was also employed for the 
treatment of mixture of dyes and it was observed that this preparation was remarkably 
more superior in decolorizing/removing the higher percent of color from wastewater 
polluted with the mixture of dyes. The polluted wastewater contaminated with single 
dye or mixture of dyes were treated with soluble and immobilized potato PPO and it 
resulted in a remarkable loss of total organic carbon content. Dyeing effluent was also 
successfully decolorized by using soluble and immobilized potato PPO. Immobilized 
preparation had a marginal edge over the soluble enzyme in decolorizing the dyeing 
effluent. Decolorization of dyeing effluent by using potato PPO was followed by 
precipitation of insoluble product. The absorption spectra of treated and untreated d\e 
mixture and dyeing effluent exhibited a marked difference in the absorption value at 
various wavelengths. 
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Abstriicl 
The use ol iniiiiobilii'eil ;ind stalilc enzymes has immense polciitiai in ihc cnzymic analysis of clinical, induslrial and cnvironnicnial 
spmplos. But llicir widespread use is limited due to Ihc high cost of their production. In the present study, an effort has been made In 
immobilize tyrosniase directly from ammonium sulphate precipitated proteins of the mushroom (Aiinruus l>isp<>riis)im a polyclonal antibocK 
bound to Seralose 4B support. Polyclonal antibodies were raised in male albino rabbits by injecting commercially available rnushrix)ni 
tyrosinase in the presence of l-reund's adjuvants. Antibodies were puiificd from antiscra by ammonium sulphate fractionation followed h\ 
DHAH-cellulose chromatography, Tuo distinct bands of hght and heavy chains of purified IgG. appeared on SDS-PAGE. The homogeneity nf 
the purified IgG was funher confirmed by Otichterlony double immunodiffusion. One milliliter of cyanogen broiiiide-aclivated Seralose 4B 
bound 9.0 mg purified IgG and retained nearly 57,^ lyrosina.se units. Immunoaffinity bound tyrosinase was more stable against heat and pH 
inactivation compaied to the soluble enzyme. Immobilized enzyme exhibited no change in temperature optima between .'1()-3.5 C wherc.i--
soluble tyrosinase has temivralure optima of 35 C Immunoaftinily bound tyrosinase retained greater fraction of activity on both sides o' 
temperature-optima compared to soluble enzyme, liouever. the broadening in pH-optima was observed from pH 5.5 to 6.0 for immobilizeti 
enzyme Moreowr. immobilized t\ rosinase preparation exhibited remarkably high resistance against denatiiration induced by urea and water 
miscihle organic solvenis. 
I 2004 Elsevier Ltd. .All riizhts reserved 
Ini >ili,'.uii'n. .SLihili/.iinin: Orji.imc suivents: POKCIIMKII aniiNnlies; Inimuncjlliniu suppnii. SeF.ilnse 4B 
I. I n t r o d u d i o n 
Enzvmic hioseiisoisaic tiscliil tools in satisfying aiuiKlical 
lecjtiirenieiu.s. paiiictilarlv those ot spccilicity lor hiochein-
i.sliT. phantiacologs. iiKiiisinal and einiionmeiital .science 
11,21. Enzyme itiimobili/aiion on sensing eleclrode .surfaces is 
one o\ the most iniponani points to he considctcd in biosensor 
design. The selected pnKcdiire of imiiiobili/.iiig eii /yme 
should be able to siabilize the niacioiiiolecules and allow 
easier diffusion of subsiiaies and products to ensure an 
eflicienl electron transfer. However, among immobilization 
methods being eiiiplovcd. veiv few can control the spatial 
Ablynvuiiioiis: DMF. dimeihyl riirmaniide: DMSO. dimethyl sulphox-
ide: DEAE. diethyl arnimielh\l: SDS, sodium diKleeyl sulphate 
* Corresponding aulhor. lei.: +91 .571 2720l.'i5: lux: +91 571 2721776. 
E-nuiil (iclilress: qayyiiniluisainCn rediftinail.eoni (Q. Husainl. 
00.12-9592/$ - see from mailer c 2(K34 El.se\ier Ltd. All rights reserved. 
doi:i(j.l0l6/j.procbio.2(X)4.09,020 
distribuiion of cataUsi. Stabilization of enzymes against 
various forms of inacmation has been accomplished using a 
mullitude of immobilization strategies including covalein 
coupling, adsoiplion. micrt)encapsulation, polymer enlrap-
mcni, chemical aggiegation and bioallinily etc. | 3 - 5 | . Among 
the immobilizaiion proceduresenuapmenl is mosi suitable for 
high yield immobilization of enzymes but sometimes the 
leaching of the enzyme out ol the gel beads take place ( 6 - 8 ' 
.'\iioiher disadvantage of immobilization of polyphenol 
oxidase inside the polvnienc network is thai the enzyme 
catalyzes the conversion tif simple aromatic compounds into 
complev soluble oligomers and insoluble polymers, which 
cannot move out of the heads easily due to their high molectilar 
mass, accumulating the products inside the beads and 
inhibiting further entiy of the substrate. It .slows down the 
enzyme catalyzed analv sis or detoxification/decoloriz^tion of 
toxic pollutants [9]. In view of the difliculty faced by the 
2380 AA. Khan el al./Process Biochemistry 40 (2005) 2379-2386 
entrapment method for the immobilization of polyphenolox-
idases, surface based methods of enzyme immobilization are 
preferred. Bioaffinity based methods have several advantages 
over other methods of surface based immobilization. These 
procedures in view of their reversibility, lack of chemical 
modification and the usually accompanying stability enhance-
ment, are emerging as powerful strategies for immobilization 
of various enzymes [10-13]. It gives oriented immobilization 
to enzymes that facilitates good expression of activity and 
possibility of direct enzyme immobilization from partially 
purified preparaUon or even crude homogenate [12]. 
In the present study, an attempt has been made to 
immobilize tyrosinase directly from the crude acetone powder 
extract of mushroom on IgG-Seralose 4B. Immunoaffinily 
bound preparation exhibited high yield of immobilization. 
IgG-Seralose 48 bound tyrosinase showed enhancement in 
stability against temperature, pH, urea, and water-mi.scible 
organic solvents like DMF, DMSO and propanol. 
2. Materials and methods 
2.1. Materials 
Mushroom tyrosinase (approximately, 3000 EU/mg), pro-
tein markers and cyanogen bromide were purchased from 
Sigma (St. Louis, MO, USA). DEAE-cellulose, Seralose 4B, 
chemicals and reagents for electrophoresis and immunodiffu-
sion were obtained from SRL Chemicals, Bombay, India. All 
other chemicals and reagents were of analytical grade. 
Mushroom was obtained from the local market. 
2.2. Immunizaiion 
Commercially available highly purified mushroom tyr-
osinase was injected into healthy male albino rabbits weighing 
2-3 kg for the production of polyclonal antityrosinase 
antibodies. The animals received subcutaneously 3(X) (j-g of 
tyrosinase dissolved in 0.5 ml of 20 mM sodium phosphate 
buffer, pH 7.2, mixed and emulsified with equal volume of 
Freund's complete adjuvant as first dose [14]. Boosters doses 
of 150 Jig of tyrosinase mixed and emulsified with Freund's 
incomplete adjuvant were administered weekly after resting 
the animal for 15 days. After each booster dose blood was 
collected from the ear vein of the animal and allowed to clot at 
room temperature for 3 h. Serum was collected by centrifuga-
tion at 1600 x ^ for 20min at 4 'C. It was then decom-
plimented by incubating at 56 "C for 30 min. After adding 
sodium azide (0.2%) serum was stored at - 2 0 C. 
2.3. Purification and characterization of polyclonal 
antibodies 
The antiserum was fractionated with 20-40% ammo-
nium sulphate. The sample was kept overnight constant 
stirring at 4 °C to precipitate out proteins. The precipitated 
proteins were collected by centrifugation at 1600 x g for 
20 min at 4 °C. The pellet obtained was redissolved in 
minimum volume of 20 mM sodium phosphate buffer, pH 
7.2 and was subjected to extensive dialysis against the same 
buffer to remove traces of ammonium sulphate. 
Antibodies against mushroom tyrosinase were purified by 
ion exchange chromatography. The dialy/ed protein sample 
from ammonium sulphate precipitated antiserum was passed 
through DEAE-cellulose column (1.20 cm x 10.0cm) and 
the fractions containing purified antityrosinase antibtxiies 
were pooled for further use 115). 
Sodium dodecyl sulphate-polyacrylamide gel (12.5%) 
was run to separate proteins present in antiserum, 
ammonium sulphate fractionated dialyzed sample and 
DEAE-cellulose purified antityrosinase antibodies accord-
ing to the procedure described by Laemmli [16]. The 
staining and de-staining was also performed by the same 
procedure. Low molecular weight marker proteins (ovalbu-
min, 43 kDa; carbonic anhydra.se. 29 kDa; soybean trypsin 
inhibitor, 20 kDa; and ly.sozyme, 14.3 kDa) were also run in 
one lane of the lanes to compare the molecular weight of the 
purified IgG. 
2.4. Imrminodijfiision 
Ouchteriony double immunodiffusion was used to confirm 
the presence of antibodies against mushroom tyrosinase. 
Immunodiffusion was performed in 1.0% agarose prepared in 
nonnal saline [17]. The cross-reactivity of antibodies was also 
checked against the potato tyrosinase. The purified tyrosinase 
antibodies were employed for preparing immunoaffinity 
support. 
2.5. Preparation of immunoaffinity support for the 
immobilization of mushroom tyrosinase 
Seralose 4B was activated by the procedure described by 
Porath et al. [18].Five grams of Seralose 4B was washed 
thoroughly with distilled water in a sintered glass funnel. 
The gel was sucked dry and suspended in 10.0 ml of 1.0 M 
Na2C03 and stirred slowly by placing on a magnetic stirrer 
at 4 "C for 30 min. One gram ofCNBr dissolved in 1.0 ml of 
acetonitrile was added to the beaker containing Seralose 4B 
and was again stirred for 10 min in cold. The whole mass 
was then transferred immediately to a sintered funnel and 
washed thoroughly with sufficient volume of 0.1 M 
bicarbonate buffer pH 8.5, distilled water, and again with 
same buffer After washing the activated Seralose 4B was 
dried and resuspended in 5.0 ml of 0.1 M bicarbonate buffer, 
pH 8.5. One hundred milligrams of purified antibodies were 
mixed with 5.0 g of CNBr activated Seralose 4B and stirred 
overnight in cold. The Seralose matrix with bound 
antibodies was then centrifuged to remove the unbound 
antibodies. Antibody bound matrix was extensively washed 
with 0.1 M bicarbonate buffer, pH 8.5 containing 1.0 M 
NaCl. This washed suspension was treated with 7.0 ml of 
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Table 1 
Immobilization of mushr<K)m lyrosinase on IgG-Seralose 4B support 
Amount of 
enzynie loaded 
(X) (E'J) 
Amount of enzyme 
activity in washes 
( n (EU) 
Activity bound/nii of IgG-Seralose 4B (EU) 
Theoretical Actual (B) Effectiseness factor 
(»i) (B/A) 
'7( Activity vieid 
(B/A X HX) 
610 21 589 573 0.97 
Each value represents the mean for three independent experiments performed in duplicate, with variations not exceeding 10% of the mean values. Tyrosinase 
was assayed according to the procedure described in the text. 
Seralose 4B specifically retained nearly 573 EU of 
lyrosinase/ml of the matrix. The preparation thus obtained 
was highly active and exhibited very high effectiveness 
factor 'f;' as 0.97 (Table 1). Effectiveness factor of an 
immobilized enzyme is a measure of internal diffusion and 
reflects the efficiency of the immobilization procedure [21]. 
Several earlier reports also described that the enzymes 
immobilized on the antibody support exhibited ver>' high 
effectiveness factor [14,20]. This immobilized tyrosinase 
preparation was superior over other adsorption methods of 
tyrosinase immobilization [9,27]. The specific binding of 
tyrosinase to the immunoaffinity support directly from the 
ammonium sulphate precipitated proteins of mushroom is 
significantly useful reducing the cost of immobilized 
enzyme preparation. 
3.3. Thermal stabilization of immobilized enzyme 
The thermal stability of soluble and immunoaffinity 
bound tyrosinase was monitored after incubating at 55 ""C 
for various time intervals. Immobilized tyrosinase prepara-
tion exhibited nearly 26% of the original activity even after 
2-h incubation at 55 "C while the soluble enzyme lost almost 
kf. full enzyme activity in less than lOmin under similar 
120 
100 
15 30 45 60 75 
Temperature fC) 
90 105 120 
Fig. 3. Thermal denaturation of soluble and immobilized mushroom tyr-
osina.se. The appropriate amount of soluble and immobilized mushroom 
tyrosina.se preparations were incubated at 55 X for various time intervals in 
50 mM sodium phosphate buffer, pH 7.0. Aliquots of appropriate amount 
were removed at different time intervals and the enzyme activity was 
determined. The .symbols indicate, the .soluble ( O ) and immobilized 
( • ) enzyme. 
experimental conditions (Fig. 3). Immunoaffinity bound 
tyrosinase exhibited a marginal broadening in temperaiure-
aclivily profile, there being no difference in activity between 
30 and 35 "C whereas soluble tyrosinase had a temperature 
optima of 35 ^C. Immunoaffinity bound tyrosinase retained 
greater fractions of activity on both sides of temperature-
optima compared to .soluble enzyme (Fig. 4). 
3.4. Effect of pH on the activity of soluble and 
immobilized tyrosinase 
IgG-Seralose 4B bound tyrosinase showed broadening in 
the pH-activity profile as compared to the native en/ynie 
(Fig. 5). There was no difference in pH-optima of 
immobilized enzyme between pH 5.5 and 6.0. unlike the 
soluble enzyme that exhibited activity peak at pH. 6.0 
Immobilized enzyme retained significantly higher en/Anie 
activity on both sides of pH-optima in comparison lo free 
enzyme. 
3.5. Effect of urea on the soluble and immobilized 
t^'rosinase 
Fig. 6 demonstrates the urea-induced inactivalicn' ol 
immobilized and soluble enzyme. IgG-Seralose bound 
120 -I 
100 
, i 80 
25 30 35 40 45 
Temperature (C) 
50 55 60 
Fig. 4. Temperature-activity profile of soluble and immobilized mushrtwin 
tyrosinase. The activity of 3.0 EU of soluble and immobilized tyrosinase 
was monitored at various indicated temperatures. Activity expressed .ji 
35 "^ C was taken as control for calculating percent activity. For s\mhois 
please refer to figure legend 3. 
2384 
120 n 
100 
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120 
PH 
Fiii. ."i, pH-;icliviiy pnitile of :he soluble anil imniohllizecl rmishroom 
Iryrosmase. 3,0 EU t)t" soluble jnd mintobilized tyrt>sirKise was taken for 
ihe preparalion ot pH-aLtiviiy protile Tbe reaction mixture was incubated at 
37 C lor 15 nun in various butleis haung pH range from 4.0 to lO.O. The 
buffers used were .'iO ni.Vl; izlycme-HCI tor the pM 4.0, sodium acetate for 
Ihe pH 4..i. .5.0. 5.5. 6.0. sodium phosphate for the pH 6,5, 7,0, 7,5 and Tri.s-
IICI lor the pli S.O, H.5. 9,0. '5.5. III.O For syjnbols please refer to ligure 
k-end 3 
tyrosinase reiaiiied aboiii biVx of original enzyme activity 
after e.xposure to 4.0 M urea for 2h whereas its soluble 
counterpart was complete!) inactivated under the same 
conditions. Immunoaflinity bound tyrosinase was sig-
nilicanlly more stable against urea denaturation and it 
suggested that such preparation could be exploited even in 
the presence of such type of denaturants. Although the 
action mechanism of urea on the protein structures has not 
yet been completely understood, .several earlier studies 
have proposed that protein is unfolded by the direct 
interaction of urea molecule with a peptide backbone 
via hydrogen bonding/hydrophobic interaction, which 
contributes to the maintenance of protein conformation 
1281. 
45 60 75 
Time (min) 
120 
Fig. 6. Effect of 4.0 M urea on soluble and immobilized mushroom 
tyrosinase. The soluble and immobilized mushriH>ni tyrosinase was incu-
bated with 4.0 M urea in 50 mM sodium phosphate buffer, pH 7,0. Aliquols 
of appropriate amount of each preparation were taken at various lime 
mlervals and activity was determined by procedure given ni the text, f-or 
symbols plea,se refer to ligure legend 3. 
3.6. Effect i>f wdler-miscihle i>ii;ciiiic solvent.s on ihe 
activity of .soluble and immobilized tyiv.siuase 
The soluble and immunoaflinity bound tyrosinase were 
treated with 0-50% of water-mi.scible organic solvents for 
I h at 30 C, The effect of this treatment is described in 
Table 2. The immobilized enzyme expressed about half of its 
initial activity when it was exposed to 30% DMF for 1 h 
while it.s soluble counterpart was completely inactivated 
under identical treatment. Exposure of IgG-Seralose 4B 
bound tyrosinase to higher concentrations of DMF had a 
marginal effect on enzyme activity whereas soluble enzyme 
rapidly lost its complete activity. The immobilized 
tyrosinase after treatment with 20% propanol retained 
almost its 50% of the original activity, however the .soluble 
tyrosinase under similar exposure lost its full activity. 
Almost 25% of the original activity was retained in the case 
Table 2 
Effect of water-miscible organic solvents on the activity of soluble and inmiunoaftinity immobilized tyrosinase 
"t OrLanic solvent Residutd enzyme activity 
Propain)l D.\1F 
Soluble Immobilized St)luble [mmobilized 
DMSO 
St)luble Immobilized 
0 
5 
10 
15 
:o 
311 
40 
50 
UX) 
60 
:6 
10 
0 
0 
I) 
100 
96 
89 
67 
50 
40 
33 
32 
l(X) 
92 
90 
S7 
67 
0 
0 
0 
100 
99 
96 
95 
92 
50 
40 
35 
l(X) 
95 
70 
53 
38 
16 
2 
0 
100 
KX) 
82 
65 
55 
39 
25 
23 
3.25 EU of 
30 C for 1 
The'/r activ 
as contrtil ( 
the ine;in \ 
soluble and immobilized mushroom tyn)sinase were incubated with 0-50''c. Propanol/DMF/DMSO in 50 niM .sodium phosphate hutTer, pH 7.0 at 
h. Tyrosinase acti\ ilv was as.saved at alt the indicale<l organic solvent concentrations and other a.ssay conditions were same as mentioned in the text, 
ily of soluole and immobilized tyrosina-se in a.s.say buffer without any water-miscible organic solvent \V;LS taken for the calculation of percent activity 
lOO'/c) .separately. Each value repre,seni.s the mean for three independent experiments pert'ormed in duplicate.s. with variations not exceeding 10% of 
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of immobilized enzyme after treatment with 40% DMSO 
while the soluble enzyme lost its entire activity by the same 
concentration of DMSO. 
Immobilized tyrosinase exhibited remarkably high 
stability against the water-miscible organic solvents 
mediated denaturation. The significance of support 
matrices for the utilization of enzymes in organic solvents 
has already been recognized [29] and proteinic supports 
may be particularly useful [30]. More recently our group 
has shown that F(ab)'2 or IgG-Co"* IDA-Sepharose/IgG-
Sepharose bound glucose o.xidase was significantly stable 
against the inactivation caused by pH. urea, heat and water-
miscible organic solvents [14.17]. The significance of other 
supports in the stabiiization of polyphenoloxidases against 
water-miscible organic solvents has also been described 
[31]. 
This study suggests that the enzyme bound to the IgG-
Seralose 4B support can be efficiently employed for the 
transformation of various compounds which are insoluble or 
sparingly soluble in aqueous environment in the presence of 
high concentrations of water-miscible organic solvents The 
generally observed higher stability of the immunoaffinity 
bound tyrosinase against various forms of inactivation may 
be related to the specific and strong binding of enzyme with 
antibody support which prevent the unfolding/denaturation 
of enzyme. 
In view of the improved stability of immunoaffinity 
bound tyrosinase against heat. pH. urea, and water-miscible 
organic solvents, it may find a large number of applications 
especially in the construction of enzyme-based analytical 
devices for clinical, environmental and food technology 
[32,33]. However, the strength of association of an enzyme 
with its support depends upon its affinity for the antibody. 
The multiplicity of antigen-antibody interactions may add 
remarkably to the strength of as.sociation with support and in 
turn to the operational life of the device [12,20]. Recently 
some workers have demonstrated that large amounts of 
glucose oxidase could be immobilized on small amounts of 
support in the form of multiple layers of enzyme and 
antibodies [12,17]. In these preparations commercially 
available enzyme was used, which added more cost to the 
system. Therefore, in this study we have developed a 
procedure where enzyme can be directly immobilized from 
the partially purified preparation. We suggest that tyrosinase 
can also be immobilized in the form of layers from such 
partially purified tyrosinase preparation and enhance the 
catalytic efficiency of the enzyme. 
4. Conclusion 
The aim of this study was to find an inexpensive, stable 
and high yield procedure for the immobilization of 
tyrosinase, which turned out to be of great interest in the 
area of clinical and environmental analysis. This enzyme has 
already proved its worth in the biosensor technology. The 
main attraction of using such immunoaffinity support is thai 
this kind of matrix is even suitable for the immobilization of 
enzymes from crude homogenate or partiall> purifR-d 
enzyme preparation. Immunoaffinity bound procedure i^  
reversible and the matrix can be regenerated for binding lo 
the fresh batch of enzyme. 
Acknowledgments 
We gratefully acknowledge the Council of Scientific ami 
Industrial Research. New Delhi. India for the financial 
assistance in the form of project entitled "Detoxification and 
decolorization of textile and other industrial dyes from 
polluted wastewater by using immobilized polyphenolox 
idases". UGC and DST. New Delhi, India are ais(> 
acknowledged for providing special assistances to ihe 
department for developing infrastructure facilities. 
References 
[1] Ghindili.s AL. Atancsov P, Wilkins F. Enzyme cataly/ed eleciror 
tran.sfer: fundamentals and analytical applicalions, Electroanalysis 
1997;9:661-73. 
[2] Forzani ES. Soils VM. Electrochemical behaviour of polyphen.il 
oxidase immobilized in self-a.ssembled structures layer by layer uiil-
canonic polyallylamine. Anal Chem 2000;72-.5?00-7. 
I.'^ l Gupta MN. Mattiasson B. Unique applications of immobilized pro 
teins in bioanalytical systems. Meth BiiKhem Anal I99; :36: l - I4 
[4] Duran N, Esposito E. Potential applications of oxidative enzymes ano 
phenoloxida.se-like compounds in wastewater and soil treatmen! ,i 
re\iew. Appl Cat B Environ 2000;128:83-99. 
[5] Husain Q. Jan U. Detoxification of phenols and aromatic amines t ru ' 
polluted wastewater b>' using ptilsphcnol oxidases. J -Sci Indus Rev 
20i)0;.'i9:28(>-93. 
16] Husain Q. Iqbal J. Saleemuddin M. Entrapment ot concanavalin \ 
complexes in calcium alginate. Biotechnol Bioeng 19S.'i;27:1102-~ 
[7] Davis S. Bums R. Decolorization of phenolic effluents b> soluble ai.c 
immobilized phenol oxidases. Appl Microbiol Bi^itCLhnol ]^>'in 
32:721-6. 
(8| Amsden B. Turner N. Diffusion characteristics of calcium algina:e 
gels. Biotechnol Bioeng 1999;65:605-10. 
[91 Wada S. Ichikawa L. Tatsumi K. Removal of phenol from uastewaiei^ 
by soluble and immobilized tyrosinase. Biotechnol Bioeng \^^\ 
42:854-8. 
(101 Mattiasson B. Affinity immobilization. In: Methods Enz\mol ( M r 
bach K, ed.). 1988; 137:647-56. 
[ I I ] Saleemuddin M. Husain Q. Concanavalin A: an useful ligand I^  i 
glycoenzyme iinmobilization—a review. Enzyme .Microbiol TeclMu! 
1991:13:290-5. 
[12] Saleemuddin M. Bioaffinity based immobilization of enzstiies Ad. 
Biochem Eng/Biotechnol 1999;64:203-26. 
113] Mislovicova DP, Gemeiner P, Sandula J. Masarova J. Vikanovska A 
Docolomansky P. Examination of bioaffinity immobilization b\ pre 
cipitaiion of mannan and mannan-containing enzymes with legume 
lectins. Biotechnol Appl Biochem 2000;2:153-9. 
[14] Jan U, Husain Q, Saleemuddin M. Preparation of stable, higiily active 
and immobilized glucose oxidase using the anti-enzyme antiboilies 
and F(ab)'2. Biotechnol Appl Biochem 2001;34:13-7. 
[15] Fahey JL. Terry EW. In: Weired DM, editor. Handbook of experi 
mental immunology, ion exchange chromatography and gel filtration 
Oxford: Blackwell Scientific Publications; 1979. p. 8.1-6 
2.1S6 ,\A. KImii I'l iii/rwces.s Biocliemistry 40 (2005) 2J79-23ti6 
\\b\ Laemnili UK. Cleaviige of slruclural proieins during the assembly of 
[he head of bacteriophage T4. Nature 1970;227:680-5. 
[17] Jan U, Hu.sain Q. Preparation of highl> stable, very active and high [26] 
yield niultilayered a.s.sembly of glucose oxidase by using carbohydrate 
speciHc polyclonal antibodies. Biotechnol AppI Biocheni 2004: 
.19:1-7. 
|1S| Poralh J. A.\en R. Ernback S. Chemical coupling of proieins ti) |27) 
agaro.se. Nature 1967:215:1491-2. 
| I 9 | Atlow .SC. Bonadonna-.Aparo L. Klib.inov .AM. Dephenolization of 
industrial wastewaters caialy/ed by poKpheiiol oxidase. Biotechnol [28] 
Bioeng 1984:26:599-601 
|20| Tarooqui M. Sosnil/a P. Saleemuddin .\1. Ulber R. Imniunoaftinity 
layering of en/ynies, slabili/.alion and use m How injection analysis ol |29| 
glucose anil hydrogen |ieroxide Appl .Microbiol Biotechnol 1999: 
52:.173-9. 
| 2 I | Muller J. Zwing T. An experimental verification of the theory of 
diflusion limitation of inmiobili/ed en/vmes. BiiK-heni Biophys Acta |30 | 
1982:705:117-2.1. 
|22 | flamed KR. Maharem T.M. Abdul f'atah M.M. Ataya FS. Purification of 
peroxidase isoenzymes IriMii turnip r^sus. Pliyiochenfislry 1998: 131] 
48:1291-1. 
|2.1| l.ovvry OH, Rosebnuigh NJ, Tarr AL. R:indall RJ Protein mea-
surement with Folin-pheiuil reagent J Biol Chem 1951:19.1: [32] 
265-75. 
[24] Marko-Varga G. Emiieus J. Gorion L. Ru/gas !'. Development of 
enzyme based amperonieirii. .sensi>is lor the determination of phenolic [33] 
ci>mpounds. Trends Anal Chem 1995:14.319-28. 
[251 Ortega F, Domnicjuez E, Joensson-Pellerson G. Gorton L. Anipero-
metric biosensor for determination of phenolic compouiuls using a 
tyrosina.se graphite electrode in a flow injection system. J Biotechnol 
1993;31:289-300. 
Puig D, Ruzgas T. Enineus J, Gorion L, Marko-Varg G. Barcelo D. 
Characterization of tyrosinase-teHon/graphite composite electrixle for 
the determination of catechol in environmental analysis. Eleclroana-
lysis 1996;8:885-90. 
Batra R. Gupta MN. Non-covalenl immobilization of potato (Sdliinuin 
Hiheivsuin) polyphenol tixidase on chitin. Biotechnol Appl Biticheni 
1994:19:209-15. 
Makhatadze 01. Privalor PL. Protein interactions with urea and 
guanidiniuni hydrochloride: a calorimetric study. J Mol Biol 1992; 
226:491-505. 
Reslow M. Aldercrutz P. Mattia.sson B. On the miporttince of support 
material for bioorganic synthesis. Inlluence of water partition between 
solvent, enzyme and solid support in water-poor reaction media. E y J 
Biochem 1988:172:573-8. 
Whetje E. Aldercrutz P. Mattiasson B. In: Verniine J, Beeftink MH, 
von Stocker U, editors. Biocatalysis in non-conventional media 
progress in biotechnology. 8. Oxford: El.sevier; 1992. 377-82. 
B;itra R. Tyagi R, Gupta MN. Inlluence of immobilization on enzyme 
activity in aipieous-organic cosolvenl mixtures. Biocatal Biotrans 
1997:15:101-19. 
Scheper TH. Hilmer JM, Lammers S. Muller C. Reinecke M. Flow 
binding assay using .seciuential injection analysis. J Chromalogr A 
1996;725:3-12. 
Vieira ID. Fatibello-FilhoO. Flow injection spectropKotomelric deter-
mination of ttital phenols using a cruile extract >.^i sweet potato root 
(Ipoiiiocii hahiiiis (L.) Lam.) as enzymatic .source. Anal Chim 1998: 
366:111-8 
Journal ofScicnufic & hulusiriiil Research 
Vol. 64, August 2005. pp. 621-626 
Adsorption of polyphenol oxidases on Celite 545 directly from ammonium 
sulphate fractionated proteins of brinjal {Solanum melongena) 
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Partially purified polyphenol oxidase (PPO) from brinjal (Solanum melongena) was immobilized on the Celite 545 b> 
simple adsorption at pll 7.0. Celite adsorbed 248 EU of PPO per g of the matrix. Immobilized enzyme preparation 
exhibited: elTeeliveness factor 'i)', 0.62; optimum pH, 9.0; and temp, 40-50"C. Celite bound PPO retained high stability 
against thermal dcnaluration as compared to soluble counterpart. Urea and water-miscible organic solvent trcalmeni 
significantly enhanced the activity of brinjal PPO; enhancement was significantly more pronounced in case of immobili/cd 
enzyme preparaiion. Celite bound brinjal PPO had no loss in enzyme activity even when exposed to very high amount ol 
trypsin. Immobilized PPO preparation exhibited a marked resistance against inactivation mediated by washing detergent-, 
such as Surl l-.xcel and Rin Powder. 
Kc'> words: Brinjal, Celite 545, Detergents, Immobilization, Polyphenol oxidase. Stability, Water-miscible, Organic soKents 
IPC Code: CI2N1 1/00, C02F3/34 
Introduction 
Decades of industrial activity have resulted in the 
synthesis and introduction of a plethora of toxic 
compounds in the biosphere. Conventional chemical, 
physical and biological methods for the 
removal/transformation of aromatic compounds are 
outdated due to certain inherent limitations'''\ An 
enzymatic approach has attracted much interest as an 
alternative method lo the conventional procedures 
used tor the treatment of pollutants'*'^ . Partially 
purified polyphenol oxidases (PPOs) have already 
been employed to control the pollution in water to 
remove and transforin toxic compounds of industrial 
processes and to determine catechol and other 
biologically active catecholamines in the biological 
liquids and enzymatic biosensors''^ The use of 
soluble enzymes suffers from thermal instability, 
susceptibility to attack by proteases and activity 
inhibition ' . Free enzymes also cannot be employed 
in continuous processes. Enzyme immobilization is 
preferred due to its stability, reusability and 
applications in continuous reactors. Polyphenol 
oxidases like other enzymes have been successftilly 
immobilized on various natural and synthetic 
carriers'"'*. Enzyme immobilization by physical 
* Author for correspondence 
Tel: 0091-571-2700741; Fax: 0091-571-2706002 
E-mail: qayyumhusain@rediffmail.com 
adsorption has advantage such as removal t)l ilic 
deactivated enzyme and further reloading of supptn! 
with fresh batch of active catalyst. Adsorption nf 
enzymes on particulate carriers is potentially one of 
the most cost-effective and simple immobilizatiDii 
techniques. Celite has desirable physical properties. 
inexpensive and suitable for the immobili/.atit>i! ii 
both purified and partially purified preparations of ihc 
enzymes. This support has already been used tor :!ie 
immobilization of some other enzymes'"". 
This study is aimed to immobilize brinjal {Solniniin 
melongena) PPO (E.C. 1.14.18.1) directly troni 
ammonium sulphate precipitated proteins on C cine 
545 (diatomaceous support) by adsorption inciluul 
and to characterize it in terms of optimum pli ;inil 
temperature. The stability of the immobili/cd IM't) 
(I-PPO) has been investigated against various foim^ 
of denaturants such as heat, pH, urea, prt)icnl\tK 
enzyme, detergents and water-miscible organic 
solvents like dioxane, dimethyl formamide (DM! ) 
and dimethyl sulphoxide (DMSO). 
Materials and Methods 
Materials 
Celite 545 (20-45p mesh) was obtained from Ser\ a 
Labs. Heidelberg, Germany. Catechol, 3-methyl-2-
benzothiazolinone hydrazone (MBTH) and trypsiit 
were procured from Sigma Chemicals Co Ltd (St 
622 J SCI IND RES VOL 64 AUGUST 2005 
Louis, MO) USA. Ammonium sulphate and benzoic 
acid were the products of SRL Chemicals, Mumbai. 
Brinjal and washing detergents were procured from 
the local market. Ail other chemicals and reagents 
were of analytical grade. 
Preparation of Kn/,ynic Kxtract 
Brinjal (200 g) was homogenized in 400 ml of pre-
coolcd 50 mM sodium phosphate buffer, pH 7.0 in 
presence of benzoic acid (l.X g/l of buffer) to stop the 
enzymatic browning. The mixture was then filtered 
through four layers of cheese cloth. The extract was 
ccntrifuged at 3000 xg for 10 niin at 4"C in a 
centrifuge. The resultant supernatant was used as a 
source of enzyme and was further subjected to 0-60 % 
ammonium sulphate fractionation with continuous 
overnight stirring in cold. The precipitated proteins 
were collected by centrifugation at 10,000 xg for 
20 min at 4°C and the resultant pellet was redissolved 
in 50 mM sodium phosphate buffer. The dissolved 
proteins were dialyzcd against the buffer containing 
benzoic acid (1.8 g/l), which expressed 223 EU of 
PPO activity per gram of the intact brinjal. This 
enzyme preparation was stored at freezing 
temperature for further use. 
Assay of (he Polyphenol Oxidase Activity 
PPO activity was assayed by the method of Batra cl 
(it with slight modifications. The reaction was 
initiated by adding a dcHnile quantity of enzyme to a 
reaction mixture containing 0.5 ml of 90 mM catechol 
and 0.05 ml of 1.0 % MBTH (dissolved in methanol) 
in 50 mM sodium phosphate buffer. The reaction 
mixture was incubated at 37''C for 1.5 min which was 
then Slopped by adding 1.0 ml of 10% H2SO4. The 
reddish coloured complex formed due to the complex 
formation between catcchol-gcnerated quinones and 
MBTH was measured at 500 nm using Cintra lOe 
spectrophotometer. 
In case of 1-PPO, the procedure for assaying 
activity was the same except that reaction mixture 
was continuously stirred during the progress of 
reaction. After the reaction, mixture was centrifuged 
at 3000 xg for 5 min before measuring absorbance. 
One unit of PPO activity is the amount of enzyme 
protein that catalyzes the formation of MBTH-
quinone complex with 0.05 increase in optical density 
per min at 500 nm. 
Immobilization of Brinjal Polyphenol Oxidases on Celitc 545 
Celite 545 (4 g) was suspended in 50 ml of 50 mM 
sodium phosphate buffer (pH 7.0) and stirred at room 
temperature at 30°C for 1 h. The fme particles present 
in the suspension were removed by decantation and 
this procedure was repeated atleast thrice. The washed 
Celite was stirred with 4386 BIJ of PPO at 4°C 
overnight. The enzyme bound Celite was then washed 
4-5 ti mes with 50 mM sodium phosphate buffer. The 
bound cnzyinc was finally suspended in 20 ml of 50 
mM phosphate buffer and stored at 4"C. All the 
wa.shes and Celite bound enzyme were assayed for 
PPO activity. 
Effect of Trypsin-mcdiated Prctteolysis oii the Ac(l\ily of 
Soluble and Immobili/.cd Brinjal PPO 
I-PPO (2.8 EU) was incubated with ti-ypsin (0.25-
2.5 mg/ml) at 37°C for 1 h. PPO activity was 
determined according to the procedure described m 
the text. Trypsin untreated sample was taken as 
control for the calculation of percent activity (100%). 
Treatment of Soluble and Immobilized Brinjal PPO with 
Detergents 
Soluble and immobilized enzymes (2.8 EU) were 
incubated with detergents (0.2-1.0% w/v); Surf Excel 
and Rin Powder in 50 mM sodium phosphate buffer 
(pH 7.0) at 37°C for 1 h. PPO activity was determined 
according to the procedure given in the text. The 
activity of the untreated preparation was taken for 
calculation of percent as control (100%). 
Kffect of Water-soluble Organic Solvent on the Aelivily of 
Soluble and Celite Bound Brinjal PPO 
Soluble and iminobilized PPO (2.8 EU) were 
incubated with increasing concentration of 
dioxane/DMF/DMSO (0-60%, v/v) in 50 mM sodium 
phosphate buffer (pll 7.0) at 37"C: for 1 h. PPO 
activity was assayed at all the indicated organic 
solvent concentrations and other assay conditions 
were the same as mentioned in the text. The activity 
of soluble and immobilized PPO in assay buffer 
without any water-miscible organic solvent was taken 
for the calculation of percent as control (100%) 
separately' . 
Protein Estimation 
Protein estimation was done according to the 
procedure by Lowry et af^. Bovine scrum albumin 
was used as a standard. 
Results and Discussion 
This study revolves around the immobilization o' 
PPO simply by adsorption on Celite from the 
ammonium sulphate precipitated proteins of brinjal 
Salt fractionated proteins of brinjal exhibited ven 
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high PPO activity. Celile is a diatomaceous earth, 
which can specifically bind to the bivalent cations 
containing enzymes or proteins. PPOs are copper 
containing enzymes and hence they get adsorbed on 
Celitc. Cclite adsorbed 248 EU of PPO per gram of 
the dry gel. Adsorption of this high PPO activity 
directly from the salt fractionated proteins of the 
brinjal suggested that Celite adsorbed such type of 
enzymes specifically. The extent of immobilization 
was analyzed by the effectiveness factor 'rj', which 
represents ratio of acttial and theoretical activity of 
immobilized enzyme preparation''*. Effectiveness 
factor of an imrnobilized enzyme is a measure of 
internal diffusion effects and reflects the efficiency of 
the immobilization procedure. Actual activity of the 
enzyme was determined by assaying appropriate 
aliquots of immobilized enzymes. The amount of 
immobilized enzyme was evaluated by subtracting the 
soluble enzyme activity remaining after 
immobilization from that of added. The immobilized 
preparation exhibited 'r|' as 0.62. 
pH and Thermal Studies of PPO 
In order to check the compatibility of the 
immobilized enzyme preparation for various 
applications, the stability of the Celite adsorbed 
brinjal PPO preparation was compared to its soluble 
counterpart. Soluble brinjal PPO exhibited its 
optimum pH at 8.0. For immobilized brinjal PPO, 
optimum pH was 9.0 (Fig. 1). Some earlier 
investigators have shown that immobilization of 
15 30 45 80 75 
Time (min) 
90 
Fig. 2—Thermal dcnaturation of soluble and inmiobilizcd hniija: 
PPO 
mushroom and quince Pl 'Os via adsorption icsuiicd in 
altering the pH optima from pH 7.0 and 8.5 to X.U uiui 
9.0, respectively. The adsorbed preparations retained 
very high activities at alkaline pH as similar to prcscni 
fmdings'^ 
Soluble brinjal PPO exhibited optimum 
temperature at 40°C, whereas the imniobilizct! 
preparation had optima between 40 to 50°C. Ccliic 
bound brinjal PPO showed significantly greater 
fraction of maximuin activity at higher temperatures 
as compared to soluble enzyme. Immobilization stud\ 
of fig tree latex ficin on Celite by adsorption and 
immobilized preparation showed a shifting \x\ 
temperature-optimurn of ficin from 60 to 80°C'" 
Soluble and immobilized PPO preparations were 
incubated at 60°C for various time intervals 
Incubation of soluble enzyme at 60°C for 2 li resulted 
in a significant loss (72%) of enzyme activity whereas 
immobilized enzyme retained original activity (56"(.) 
under similar experimental conditions (Fig. 2). In 
present study, Celite bound preparation was 
significantly more stable as compared to soluble 
counterpart. In another study, the Celite bound potato 
PPO preparation was significantly more stable on 
long exposure at 60°C. Mushroom PPOs lost rapidly 
its activity even after 10 min incubation at SS^ C and 
bioaffinity based preparation exhibited a marginal 
stabilization under similar incubation conditions'^. 
Effect of Urea 
The incubation of Celite bound Brinjal PPO wuli 
4.0 M urea for 15 min exhibited an enhancement 
(135%) in initial enzyme activity, whereas a slight 
increase in soluble enzyme activity (107%) was 
observed (Fig. 3). After 2 h, soluble enzyme losi 
about 30 percent of its initial enzyme activity while 
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Immob enzyme Table 1— E^ffect of detergents on the activity of soluble and 
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Fig. 3—Effect of 4.0 M urea on soluble and immobilized PPO 
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Remaining activity, % 
0 0.25 0.5 0,75 1 1.25 1.5 1.75 
Trypsin (mg/ml) 
Fig, 4—Effect of trypsin concentration on the activity of 
immobilized brinjai PPO 
the imiTiobilized enzyme still exhibited enhanced 
(106%) of the initial activity under similar incubation 
conditions. 
Effect of Trypsin Treatment on the Activity of Immobilized 
Brinjai PPO 
The imiTiobilizcd PPO preparation, exposed to 
various amounts of trypsin (0.25-2.5 mg trypsin/ml of 
incubation mixture) for I h at 37"C (Fig. 4), exhibited 
a slight enhancement in enzyme activity and was 
remarkably more stable against proteolysis mediated 
by trypsin. Iinmobilized PPO expressed almost 
complete activity even in the presence of 2.5 mg 
trypsin/ml of reaction mixture. This observation 
suggested that such immobilized preparation could be 
applied for any kind of application where even the 
proteases present. 
Effect of Detergents 
Wastewater usually gets contaminated with 
pollutants including the detergents. Hence, in this 
% 
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-PPO 
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35 
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Study, an effort has been made to investigate the 
stability of immobilized enzymes in the presence of 
washing detergents, Surf Excel and Rin Powder. 
When soluble and immobilized brinjai PPO 
preparations were incubated with increasing 
concentrations (0.2-1.0%, w/v) of Surf Excel, the 
activity of soluble enzyme rapidly lost and it retained 
only 4 percent of the initial activity in the presence of 
0.6% (w/v) Surf Excel. However, the immobilized 
PPO retained about 25 percent of initial activity even 
after treatment with 1.0% (w/v) Surf Excel (Table 1). 
The treatment of soluble and immobilized brinjai 
PPO with increasing concentration (0.2-1.0%, w/v) of 
Rin Powder showed an enhancement in enzyme 
activity with 0.2% (w/v) Rin Powder. Further 
incubation of both the preparations of PPO with 
increasing concentrations of detergent, the soluble 
enzyme quickly lost its activity and exhibited a 
retention of only 18 percent of the activity after 
treatment with 1.0% (w/v) Rin powder. Although, the 
immobilized brinjai PPO showed a very good 
stabilization against increasing concentrations of Rin 
Powder and it retained 41 percent of the enzymatic 
activity even in the presence of 1.0% (w/v) Rin 
powder (Table 1). 
These observations suggested that the immobilized 
enzyme preparation was more stable against the 
washing detergents used in every household and 
laundry. Therefore, such preparations can be 
exploited for the use in bioreactors at large-scale 
conversion of aromatic pollutants into non-toxic 
compounds. The use of such preparation will 
definitely minimize the treatment cost of hazardous 
pollutants. 
Effect of Water-miscible Organic Solvents 
The soluble and immobilized enzyme preparations 
were treated with increasing concentration 
(0-60%, v/v) of various water-misciblc organic 
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Table 2 -
Organic solvent 
% 
;o 
20 
30 
40 
50 
60 
S-I'I'O: Soluble PPG: 
-Effect of watcr-miscible organic 
S-PPO 
75 
70 
65 
58 
52 
34 
Dioxane 
I-PPG 
100 
146 
176 
180 
174 
160 
; l-PPO: immobilized PPG 
solvent on the activity of soluble and immobilized bound brinjt 
Remaining activity, % 
S-PPO 
116 
122 
128 
108 
94 
79 
DMF 
I-PPG 
144 
169 
175 
151 
135 
115 
S-PPO 
104 
115 
118 
129 
117 
87 
iIPPO 
DMSO 
l-PPO 
116 
155 
164 
n8 
154 
120 
solvents (dioxane, DMF, DMSO). The immobilized 
enzyme preparation exhibited a marked enhancement 
in enzyme activity even when the strength of the 
organic solvent was very high (60% v/v), whereas the 
soluble enzyme preparation exhibited a significant 
loss in activity when exposed to water-niiscible 
organic solvents (Table 2). By the effect of dioxane 
(0-60%, v/v), the immobilized PPO showed 
enhancement in enzymatic activity even after 1 h of 
incubation with 60% (v/v) dioxane and it exhibited 
160 percent of its initial activity (Table 2). 
Treatment of soluble enzyme with 30 and 60 
percent (v/v) DMF for 1 h at room temperature 
exhibited 128 and 79 percent of the initial activity, 
respectively. However, the exposure of immobilized 
brinjal PPO even with the 60 percent (v/v) DMF for 
1 h at room temperature exhibited enhanced activity 
as 115 percent (Table 2). The activity of soluble 
enzyme was enhanced (129%) by treatment with 40% 
(v/v) of DMSO for 1 h at room temperature (30°C), 
whereas the immobilized enzyme exhibited 178 
percent of its original activity under similar 
incubation conditions (Table 2). Further, incubation 
of soluble and immobilized brinjal PPO with 60 % 
(v/v) of DMSO showed decreasing in activity of 
soluble PPO, while the immobilized preparation still 
had enhanced activity (120%). 
It was observed that the significantly very high 
enhancement in immobilized brinjal PPO activity 
took place even in the presence of high concentration 
of water-miscible organic solvents. These results were 
in agreement with earlier reports, immobilized potato 
PPO when exposed to varying concentration of water 
miscible-organic solvents**^  
Conclusions 
PPOs from brinjal are the most potential enzymes 
with respect to its availability and cost. Simple 
ammonium sulphate precipitated total proteins were 
taken for immobilization of PPO on Celite 545. Cclitc 
adsorbed brinjal PPO preparation exhibited very high 
stability against heat, urea, water-miscible organic 
solvents and detergents. Immobilized brinjal PPO 
preparation had no effect of trypsin activity even in 
the presence of 2.5 mg trypsin/ml of reaction mixture 
The immobilized brinjal PPO exhibited a shifting in 
pH-optimum from 8.0 to 9.0. For immobilized brinjal 
PPO, there was also a broadening in temperature-
optimum from 40 to 50°C. The use of cheaper source 
of enzym.e and support will definitely minimize 
immobilization cost of enzyme and it will provide a 
suitable system for the treatinent of huge volume ot 
wastewater in batch as well as in continuous reactors 
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